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For the managers of waterfront facilities, routine infrastructure condition assessments are 
a necessity.  Damage resulting from overloading events and deterioration caused by any 
number of mechanisms can signifi cantly comprise the physical integrity and operational 
condition of a facility.  Existing methods for assessing the condition of waterfront facili-
ties tend to be highly subjective and not well suited for use within an automated manage-
ment program.  
The Pile Condition Index (CI), a more objective and repeatable method for assess-
ing the condition of concrete piles, is developed in this thesis. The Pile CI takes routine 
inspection data and transforms them into a standardized numeric rating, which indicates 
both the physical integrity of the pile and the level of remedial action necessary to correct 
any observed defects.  The transformation of defect data into a numeric rating is accom-
plished using a weighted deduct-density model.  A direct rating approach was used in 
developing the model, which is calibrated to produce values similar to averaged consen-
sus ratings assigned by a panel of expert waterfront engineers.  Results obtained through 
limited fi eld verifi cation indicate good correlation between computed Pile CI ratings and 
average expert panel fi eld ratings.  
The Delphi method was successfully employed as a novel approach to further 
validate the weighted deduct-density model.  Results from the Delphi study generally 
supported the model well.  Surprisingly, the Delphi method identifi ed some minor defi -
ciencies in the model that had been overlooked during development and fi eld verifi cation.
In order to accommodate the application of the Pile CI to large facilities with 
more piles than can practically be inspected, recommendations for using the index with a 
sampling strategy are provided.  In addition, a road map for the development of a “Struc-
tural Section Rating” is presented to illustrate how the Pile CI may be used – in the future 
– with additional CIs for assessing condition of larger elements of a facility.
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ABSTRACT
 For the managers of waterfront facilities, routine infrastructure condition as-
sessments are a necessity.  Damage resulting from overloading events and deterioration 
caused by any number of mechanisms can signifi cantly comprise the physical integrity 
and operational condition of a facility.  Existing methods for assessing the condition of 
waterfront facilities tend to be highly subjective and not well suited for use within an 
automated management program.  
The Pile Condition Index (CI), a more objective and repeatable method for assess-
ing the condition of concrete piles, is developed in this thesis. The Pile CI takes routine 
inspection data and transforms them into a standardized numeric rating, which indicates 
both the physical integrity of the pile and the level of remedial action necessary to correct 
any observed defects.  The transformation of defect data into a numeric rating is accom-
plished using a weighted deduct-density model.  A direct rating approach was used in 
developing the model, which is calibrated to produce values similar to averaged consen-
sus ratings assigned by a panel of expert waterfront engineers.  Results obtained through 
limited fi eld verifi cation indicate good correlation between computed Pile CI ratings and 
average expert panel fi eld ratings.  
The Delphi method was successfully employed as a novel approach to further 
validate the weighted deduct-density model.  Results from the Delphi study generally 
supported the model well.  Surprisingly, the Delphi method identifi ed some minor defi -
ciencies in the model that had been overlooked during development and fi eld verifi cation.
In order to accommodate the application of the Pile CI to large facilities with 
more piles than can practically be inspected, recommendations for using the index with a 
sampling strategy are provided.  In addition, a road map for the development of a “Struc-
tural Section Rating” is presented to illustrate how the Pile CI may be used – in the future 
– with additional CIs for assessing condition of larger elements of a facility.
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1CHAPTER 1
INTRODUCTION
1.1  Problem Statement
“The bottom line here is that [the Navy’s] old, deteriorating infrastructure is nega-
tively impacting readiness,” stated Rear Admiral David Pruett, Director of the Civil Engi-
neering Division under the Chief of Naval Operations, on 26 April 2001 before the House 
Armed Services Committee.  In support of his claim, Mr. Pruett referenced the Navy’s 
fi scal year 2000 Installation Readiness Report, in which 67% of the Navy’s facilities 
were assigned the lowest two (of four) Mission Readiness Index (MRI) categories used 
by the Department of Defense.  Mr. Pruett noted that the backlog of critical defi ciencies 
is estimated at $2.6 billion, and that it would be impossible for the Navy to eliminate this 
backlog under its current maintenance and repair spending levels [US, 2001].  In recent 
years, the level of congressional spending earmarked for the Navy’s infrastructure man-
agement efforts has increased, and research and development efforts aimed at producing 
better tools for managing its infrastructure are underway.
Currently, approximately half of the Navy’s facilities are visually inspected each 
year by Navy staff and contractors.  During the inspections, all facility components are 
inspected, and defects are identifi ed.  For example, a few types of defects commonly af-
fecting concrete piles are shown in Fig. 1.1.  The inspections typically include only the 
above-water portion of structures.  Inspectors recommend corrective actions and make 
cost estimates for defi ciencies that cannot be remedied with routine maintenance.  Rec-
ommended corrective actions are grouped into projects, which are prioritized based on (in 
part) the facility’s MRI [Pendleton, 2002].
As pointed out by the Government Accountability Offi ce (GAO), there are short-
comings in the Navy’s infrastructure management process.  In a 1999 report [US GAO, 
1999], the GAO reported that the top fi ve weaknesses  in the Navy’s infrastructure man-
agement process are: 
1.  Little or unclear linkage between infrastructure needs assessment and resource 
allocation.
2.  Roll-up of inspection data oversimplifi es reported conditions.
3.  Condition assessments and requirement determinations are too subjective.
2Fig. 1.1  Examples of pile defects:  (a) Corrosion-related cracking and spalling, (b) break-
age resulting from vessel impact, (c) abrasion damage, (d) and (e) chemical attack-related 
cracking and complete section loss, and (f) corrosion-related cracking.
(a) (b)
(c) (d)
(e) (f)
34.  Condition ratings do not tell what is wrong within facility or mission category.
5.  Little or unclear linkage between condition assessment and budget estimation. 
In the same report, the GAO asserted that: “Our analysis shows that the services 
[i.e., Air Force, Army, Navy, etc.] use different kinds of facility raters and procedures, as-
sessment scopes and frequencies, appraisal scales, and validation procedures, all of which 
result in inconsistencies and a lack of comparability in their ratings.”  The same could be 
said for the procedures used within the Navy.
In addition to the GAO’s criticisms, it is apparent that the costs incurred by regu-
larly performing comprehensive inspections and developing projects and cost estimates is 
unnecessary for simply determining relative facility needs.  In fact, there is no distinction 
in the Navy between network- and project-level management.   Many of the projects de-
veloped at the facility level are not funded.  Unfunded projects in one year are sometimes 
re-created in the future – only to be left unfunded again.  Inspection procedures have not 
been standardized and are admittedly subjective.  In addition, only defects are identifi ed 
during inspections.  The overall condition of a facility is never determined, and there is 
no method for comparing condition among facilities.
1.2  Proposed Solution
In an effort to better manage its waterfront infrastructure, the Navy has funded the 
development of the aptly named WHARFER Engineered Management System (EMS).  
The WHARFER EMS will assist engineers and managers in performing: 
1.  Inventory management – providing a complete, standardized inventory hierar-
chy for piers and wharves
2.  Condition assessment – visually-based above- and below-water inspections
3.  Condition data management – entering and storing condition data
4.  Condition prediction modeling – establishing condition deterioration behavior
5.  Condition analysis – predicting condition over time
6.  Work planning – determining work and budget requirements over many years
In order to succeed as a management system, the WHARFER EMS must produce cred-
ible output.  Forecasts of condition as well as work and budget requirements should be 
based on adequate and accurate measures of existing facility condition.  Currently, such 
measures do not exist for waterfront facilities.  
 The Navy has taken a fi rst step in fi lling this void by funding the development of 
the Pile Condition Index (CI), a measure of condition for one of the most common “com-
4ponent types” found at waterfront facilities.  Development of the Pile CI is the primary 
objective of the research effort described in this thesis.  The Navy’s long-term goal is to 
have a suite of CIs for measuring the condition of the most common component types 
found at waterfront facilities (e.g., piles, pile caps, decks, soffi ts, etc.).  Each CI will con-
sist of appropriate methods and procedures for inspecting and assessing the condition of a 
component type.  This suite of CIs will enable facility condition to be reported in vari-
ous ways as different logical “roll-ups” (aggregations) of component type conditions.  In 
order to illustrate how CIs may be used in the future, a road map for developing a simple, 
CI-based “Structural Section Rating” for concrete piers is presented at the end of this 
thesis.
1.3  Thesis Organization
This thesis consists of seven chapters and several appendixes.  Chapter 2 presents 
a review of relevant procedures currently used for managing waterfront facilities.  An in-
troduction to CIs and EMSs is provided to illustrate the intended use of the Pile CI within 
the WHARFER EMS.  The major development criteria and research approach for the Pile 
CI are presented at the end of Chapter 2.
The evolutions of the Pile CI defect defi nitions, deduct value curves, and calcu-
lation procedure are discussed in Chapter 3.  Chapter 4 describes the novel use of the 
Delphi Method as a tool for preliminary validation of the Pile CI deduct value curves.  
The Waterfront Inventory and Inspection Hierarchies are described in Chapter 5.  
The Waterfront Inventory Hierarchy provides the framework within which conditions are 
reported.  It is also relevant in understanding the Structural Section Rating and other po-
tential CI roll-ups.  The Waterfront Inspection Hierarchy provides the structure necessary 
not only for calculating CI values but for implementing a sampling strategy for CI-based 
inspections.  A sampling strategy for use with the Pile CI is presented at the end of Chap-
ter 5.  Chapter 5 provides a bridge between the Pile CI, described in Chapters 3 and 4, 
and the Structural Section Rating development road map, described in Chapter 6.  
In Chapter 6, the diversity and complexity of waterfront facilities are addressed as 
motivation for simplicity when developing composite condition ratings based on logical 
roll-ups or weighted averages of CI values.  Several simple, practical (and potentially 
convenient) methods for assessing condition at the structural section level are discussed.  
These methods need not be limited to structural sections, but may be applied in any situa-
tion requiring a more management-level assessment of facility condition.
5Chapter 7 presents a summary of the research activities performed as part of this 
thesis along with concluding remarks.  Recommendations for future research activi-
ties are also provided.  The Appendixes present the major components of the Pile CI 
described in Chapters 3 and 4, including defect defi nitions and deduct value curves.  In 
addition, examples of the survey forms and questionnaires used in validating the deduct 
value curves are presented.
6CHAPTER 2
BACKGROUND AND RESEARCH APPROACH
Exposed to aggressive marine environments and subject to extreme loads, water-
front facilities require inspection and monitoring practices capable of: (1) identifying the 
type, severity, and extent of existing or potential problems, and (2) determining the effect 
that these problems have on the overall condition of the facility.  This chapter begins 
with a brief introduction to a few of the existing waterfront facility management systems 
and how – specifi cally – condition assessment is addressed.  Engineered Management 
Systems (EMS) and Condition Indexes (CI) are then discussed to provide a foundation 
for better understanding the application of the Pile CI within the WHARFER EMS.  This 
is followed by a discussion of the Pile CI concept and development criteria.  Lastly, an 
overview of the research approach taken in developing the Pile CI is presented. 
2.1  Existing Approaches to Waterfront Facility Management
Agencies in the public and private sectors have attempted to address waterfront 
facility management by developing various inspection and maintenance programs.  Ef-
forts have focused primarily on the evaluation of structural elements, which typically 
represent the greatest life safety concern.  These efforts have been directed toward: (1) 
defi ning the types of inspections necessary to evaluate a facility, (2) developing rational 
criteria for determining inspection frequencies, and (3) developing recommendations for 
the types of data that should be collected and how these data should be reported.  
Procedures developed thus far have assumed that a trained Professional/Structural 
Engineer will perform the inspections, and that the engineer performing the inspection 
will be capable of both understanding the signifi cance of defects on the durability and 
integrity of a facility and providing a subjective assessment of the condition of the fa-
cility.  In addition, the engineer is responsible for recommending the most appropriate 
repair method for any defects encountered, developing a cost estimate for all the required 
repairs, and ranking the priority with which each of the repairs should be performed.  
This strategy may work well for engineers and managers responsible for a small number 
of facilities.  However, for individuals overseeing many facilities and interpreting the 
inspection data from several different inspectors, attempting to allocate funding becomes 
a serious problem.  
7Three approaches to waterfront infrastructure management are briefl y discussed: 
(1) the American Society of Civil Engineers (ASCE) Underwater Investigations: Standard 
Practice Manual, (2) the “Port of Los Angeles (POLA) Waterfront Facilities Inspection 
and Maintenance Program,” developed by Han-Padron and Associates (HPA); and (3) the 
“National Bridge Inspection Standards (NBIS)” and supporting resources.
2.1.1  Underwater Investigations: Standard Practice Manual, by ASCE
The ASCE manual “… provides guidance to the requestor and to the provider 
of underwater structural inspection services” [ASCE, 2001].  The manual recommends 
several different types of inspections and the general data collection requirements for 
each.  It also recommends frequencies at which routine underwater inspections should be 
performed based on the materials from which a facility is constructed and the environ-
ment in which it resides.  Types and causes of defects and deterioration are discussed in 
the manual as well. 
In addition, a rating scale is provided to assist inspectors in assessing the overall, 
underwater condition of a facility.  The condition assessment rating scale provided in 
the manual has six categories ranging from “Good” to “Critical,” as shown in Table 2.1.   
However, the assignment of a condition rating is based entirely on the judgement of the 
inspector.  The manual suggests the types of actions (e.g., repairs, follow-up inspections, 
etc.) that should be recommended given the outcome of an inspection.  The Navy has 
adopted the ASCE manual for underwater inspections and has extended the applicability 
of the manual to above-water inspections.    
2.1.2  POLA Maintenance Management Program, by HPA
The purpose of the maintenance management program developed by HPA for 
POLA is to “… protect the Port’s infrastructure investment, ensure the safety of personnel 
accessing the structures, and provide the Port’s tenants with confi dence that their facilities 
are being adequately maintained” [HPA, 1999].  The program provides guidelines for the 
inspection and repair of marginal concrete wharves supported on concrete piles.  Since 
the program was designed specifi cally for POLA, the scope of the program is limited.  
Similar to the ASCE manual, the POLA manual recommends types of inspections 
and the frequencies at which they should be performed.  The program also recommends 
ratings – identical to those in the ASCE manual – that are to be assigned by inspectors.  
The program defi nes typical distresses found at POLA and makes recommendations for 
8Table 2.1  
Routine Underwater Condition Assessment Ratings [ASCE, 2001]
Rating Description
6 Good No visible damage, or only minor damage is noted.  
Structural elements may show very minor deterioration, but no overstressing is ob-
served.  
No repairs are required.
5 Satisfactory Limited minor to moderate defects or deterioration are observed, but no overstressing is 
observed.  
No repairs are required.
4 Fair All primary structural elements are sound, but minor to moderate defects or deteriora-
tion is observed.  
Localized areas of moderate to advanced deterioration may be present but do not sig-
nifi cantly reduce the load-bearing capacity of the structure.  
Repairs are recommended, but the priority of the recommended repairs is low.
3 Poor Advanced deterioration or overstressing is observed on widespread portions of the 
structure but does not signifi cantly reduce the load-bearing capacity of the structure.  
Repairs may need to be carried out with moderate urgency.
2 Serious Advanced deterioration, overstressing, or breakage may have signifi cantly affected the 
load-bearing capacity of primary structural elements.
Local failures are possible and loading restrictions may be necessary.  Repairs may 
need to be carried out on a high-priority basis with urgency.
1 Critical Very advanced deterioration, overstressing, or breakage has resulted in localized 
failure(s) of primary structural components.
More widespread failures are possible or likely to occur, and load restrictions should be 
implemented as necessary.
Repairs may need to be carried out on a very high priority basis with strong urgency.
9how they should be measured in order to properly estimate repairs.  Distress defi nitions, 
photographs, illustrations, and recommended repair actions are provided and were useful 
in developing distress defi nitions for the Pile CI, as discussed in Chapter 3.
2.1.3  NBIS and Supporting Resources
NBIS is a federal regulation that defi nes minimum requirements for bridge in-
spections.  It specifi es bridge inspection types, inspection frequencies, inspector qualifi ca-
tions, and reporting requirements [US, 2000ab].  To assist agencies in complying with the 
regulation, FHWA has produced many resources including the “Bridge Inspector’s Train-
ing Manual” [US DOT, 1995] and the PONTIS bridge management system and supple-
mentary resources [AASHTO, 1997, 2000].  
PONTIS is capable of storing inventory and condition data and performing life 
cycle cost analyses [Robert et al., 2002].   The condition ratings used by PONTIS – upon 
which its analysis capabilities operate – are based on a subjective, zero to nine scale.  
Inspectors evaluate the condition of structural elements in the fi eld and assign a rating to 
them.  The approach is very similar to that recommended by the ASCE manual.  Unfor-
tunately, this approach to condition assessment was shown to have signifi cant shortcom-
ings.  In a recent study, subjective, visually-based rating procedures used in assessing 
bridge condition  have been shown to be highly variable, diffi cult to interpret, and prone 
to error [Phares et al., 2004].
2.2  Engineered Management Systems
An Engineered Management System  (EMS) is a set of methods and procedures 
for: (1) performing objective and repeatable facility inspections, (2) assessing current and 
predicting future facility condition, and (3) developing optimal multi-year maintenance 
and repair (M&R) plans [Shahin, 1998].  These tools provide engineers and managers 
with the means for determining and justifying M&R and budget requirements.  EMSs 
generally consist of the following modules, which are developed as part of a software 
system: 
1.  Inventory
2.  Inspection and Condition Assessment
3.  Condition Prediction Modeling (Family Modeling)
4.  Condition Analysis
5.  M&R Planning
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The details of each module vary by EMS.  More advanced EMSs contain modules for 
project formulation and prioritization, and some EMSs have geographical information 
system (GIS) capabilities.  The following paragraphs present an overview of the most 
common EMS modules.  
2.2.1  Inventory
The inventory module of an EMS provides the framework in which inventory and 
condition data are recorded and analyzed.  Each EMS has a unique inventory hierarchy.  
“Managed items” are typically defi ned as the lowest level in the hierarchy and are loosely 
defi ned as the smallest object for which recommended M&R activities are determined.  
Attribute (e.g., size, shape, material, etc.) and historical M&R data are stored for man-
aged items.  In addition, analysis procedures operate on and output results for managed 
items.  Data are frequently rolled-up from the managed item level to higher levels of the 
inventory hierarchy for reporting purposes.
2.2.2  Inspection and Condition Assessment
EMSs typically accommodate the storage of a variety of condition data.  CIs 
(described in detail in the next section) are the most common type of condition measures 
used in EMS, and the analysis capabilities of most EMS are built around them.  Condi-
tion assessment refers to the process of converting inspection data into CI or other index/
rating values and evaluating overall condition.
2.2.3  Condition Prediction Modeling
Condition prediction modeling is the foundation for the more advanced capabili-
ties of EMSs.  Condition prediction models capture the age-dependent condition (typi-
cally CI-based) deterioration of managed items.  The models, commonly referred to as 
“family” models, are created for groups of managed items that share similar characteris-
tics.  Regression analyses are performed on historical inspection data to develop family 
models.
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2.2.4  Condition Analysis
Condition analysis is the process of evaluating past and forecasting future condi-
tions.  The evaluation of past condition is accomplished by interpolating through histori-
cal inspection data, and future condition is forecast using family models.  The fundamen-
tal assumption of condition analysis is that the performance of a family can be used to 
predict the performance of a family member (i.e., a specifi c managed item).  Condition 
analysis data can be rolled-up to evaluate more general condition trends.
2.2.5  M&R Planning
M&R planning is the process of determining recommended M&R based on 
predicted condition.  Two management strategies are typically considered in EMS M&R 
planning: network- and project-level management.
2.2.5.1  Network-Level Management
Network-level management focuses on assessing the relative condition and 
recommended M&R requirements of a large group of managed items.  The goals of 
network-level management are to identify the following:  (1) where M&R is needed, 
(2) when the M&R will be needed, (3) what level of M&R is needed, and (4) the ap-
proximate cost for performing the M&R.  Network-level management also focuses on 
analyzing the multi-year effects of different budget scenarios on both condition and M&R 
requirements.  These types of analyses require that existing conditions be known and that 
future conditions be adequately predicted.  CIs are critical in performing these analyses. 
2.2.5.2  Project-Level Management
Managed items that are identifi ed through network-level management as being 
in need of repair are then scheduled for more detailed evaluation.  Project-level manage-
ment focuses on addressing the upcoming M&R needs of specifi c managed items.  For 
each managed item, the steps involved in project-level management include the follow-
ing: (1) diagnosing existing problems, (2) performing cost analyses of alternative M&R 
types, and (3) selecting the appropriate M&R type.  The level of inspection necessary to 
address these issues is typically greater than the level required for network-level manage-
ment.  CIs are commonly used in conjunction with other methods of condition evaluation 
for project-level management.
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2.2.6  Existing EMSs
Several EMSs have been developed to assist in managing a variety of facility 
types.  The four more widely used EMSs include: Micro PAVER, for managing airfi eld 
and roadway pavements; BUILDER and ROOFER, for managing buildings and roofs; 
and RAILER, for managing low volume rail [Shahin et al., 1987, 1990; Uzarski et al., 
1988, 1990].  Several EMSs have also been developed for Civil Works facilities (e.g., 
locks and dams) [USA-WES, 1996], and many other EMSs exist in various stages of 
development.
2.3  Condition Indexes
In managing aging facilities, engineers are faced with the diffi cult task of allocat-
ing limited M&R funds to where they are most needed.  Routine inspections are critical 
for assessing condition and determining repair requirements.  Engineers have traditionally 
relied upon subjective, visually-based inspections for routine condition assessment, sav-
ing the more sophisticated (and expensive) testing either for the most critical components 
of a facility or for diagnosing problems observed during routine inspections.  Unfortu-
nately, purely subjective condition assessments can be highly dependent upon the biases 
of the individuals performing them [Phares et al., 2004].
Condition Indexes (CI) provide an alternative to purely subjective, visually-based 
inspections.  They provide engineers responsible for managing large facilities with a 
more objective picture of relative facility conditions and general M&R requirements.  
They can assist engineers in determining where, when, and how to spend limited M&R 
funds.  As part of a comprehensive management system, CIs may be useful in predicting 
future condition and M&R requirements as well as formulating and prioritizing M&R 
projects.  
2.3.1  Condition Index Theory
CIs quantify visual observations of defects and transform them into objective, 
repeatable measures of condition that model and quantify engineering judgment [Shahin 
et al., 1976ab, 1987, 1990; Uzarski, 1991; Foltz et al. 2001].  In doing so, they minimize 
the amount of subjectivity in visual inspections and help standardize the interpretation of 
inspection data.  CIs are based on the assumption that facility condition may be, in part, 
adequately assessed by considering the following three attributes of observed defects:
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1.  Type of defect
2.  Severity of defect 
3.  Quantity (or density) of defect
Failure to consider any one of these attributes would make developing a CI extremely dif-
fi cult [Shahin et al., 1976].
2.3.2  Weighted Deduct-Density Based Calculation
Several, but not all, CIs are calculated using what is commonly referred to as a 
weighted deduct-density based model.  The following expression represents the general 
model for deduct-density based CI calculation.
        Eqn. 1.1   ¦ ¦
  
 
p
1i
m
1j
ijji dt,FD,S,TaCCI
i
 Where:
 CI  =  Condition index
 C = constant depending on desired maximum scale value
 a( ) =  deduct weighting value depending on defect type, Ti, severity 
   level, Sj, and density of defect, Dij
 i  =  counter for defect types
 j  =  counter for severity levels
 p  =  total number of defect types observed
 mi  =  number of severity levels on the ith type of defect
 F(t, d)  =  adjustment factor for multiple defects that vary with total 
   summed deduct value (t) and number of deducts (d) [Shahin et al., 
   1976]
CIs have traditionally been calibrated to describe condition relative to a predefi ned inter-
val scale, like the one shown in Fig. 2.1.  As shown in Fig. 2.2, the CI can be determined 
from a visual inspection only when the following are known:
2.3.2.1  Types of Defects
Each observed defect must be identifi ed.  Defect identifi cation should be based on 
a fi eld inspection manual.  The manual should describe all relevant defects so that they 
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may be easily and consistently identifi ed.  Fig. 2.3 shows an example defect description 
for Open Corrosion Spalls, which is a defect type considered in the Pile CI.
2.3.2.2  Defect Severity
The severity of each defect type must be determined.  Defects occur in various 
levels of severity, and each must be explicitly defi ned in the fi eld inspection manual.  
Similar to defect types, severity level defi nitions must be developed so that fi eld engi-
neers can consistently identify a given defect severity level.  Fig. 2.3 also shows exam-
ples of defect severity levels for Open Corrosion Spalls.
2.3.2.3  Defect Quantity
The quantity of each defect type must be determined.  The quantity of each defect 
is converted to a density value, which characterizes the relative size of the defect.  Meth-
ods for measuring the quantity of each defect must also be provided in the fi eld inspection 
manual.  Generally speaking, all defect defi nitions provided in the fi eld inspection manual 
should be as comprehensive as possible to maximize the repeatability of the CI.  Fig. 2.3 
also shows examples of how to determine the quantity of Open Corrosion Spalling pres-
ent.
2.3.2.4  Deduct Weighting Values
Deduct weighting values (or simply “deduct values”) provide the link between 
objectively collected defect data and engineering judgment.  Defect type, severity level, 
and quantity data are transformed into a numerical deduct value through a weighted 
deduct-density model.  Deduct values represent the relative impact of a defect on over-
all condition:  The more severe the defect, the greater the deduct value.  Deduct value 
curves, which make up part of the weighted deduct-density model, transform defect data 
into a numerical value.  An example of how deduct value curves are used in calculating a 
CI is given below.  
The deduct value curves for the two severity levels defi ned for Open Corrosion 
Spalls are shown in Fig. 2.4.  The deduct value curves were developed for a range of 
likely quantities (or densities) for this type of spalling.  A deduct value of zero indicates 
that the spall has no impact on pile condition while a deduct value of one hundred indi-
cates that the pile is essentially failed due to the spall.  For an 18-in. octagonal pile with a 
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Fig. 2.3  Defect defi nition for Open Corrosion Spalls.
OPEN CORROSION SPALLS
Description
Open corrosion spalling is the partial or complete breaking away of a fragment 
of concrete cover.  Similar to corrosion cracks, partially and completely open corrosion 
spalls are caused by stresses in the concrete resulting from the formation of expansive 
corrosion products.  Open corrosion spalls are typically located above mean lower low 
water (MLLW) since the presence of oxygen is favorable to the corrosion process.
Open corrosion spalls may be either completely or partially open.  Completely 
open corrosion spalls appear as recesses in the concrete surface due to the separation of a 
fragment of concrete cover.  Reinforcing steel is exposed in open corrosion spalls.  Par-
tially open corrosion spalls appear as a combination of closed and open corrosion spalls.  
Underlying reinforcing steel is typically exposed in partially open corrosion spalls.
Repair Options
Jacket, Patch, Pile Replacement
How to Measure
Area (A) Measure the spall area.
Severity Levels
Medium Some section loss of exposed reinforcement (< 10%).  Deformations are 
visible on the reinforcing steel.  Reinforcement appears mostly intact and 
does not easily chip loose when struck by a hammer.
High Signiﬁ cant section loss of exposed reinforcement (≥ 10%).  Deformations 
are not visible on the reinforcing steel.  Section loss is characterized by 
heavy staining and ﬂ aking away of the reinforcement.  Reinforcement may 
easily chip loose when struck by a hammer.
Notes
1. If a pile has multiple open corrosion spalls, each is recorded independently.
2. The presence of corrosion staining at the spall is necessary for classiﬁ cation of this 
defect.
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Fig. 2.4  Deduct value curves for Open Corrosion Spalls.
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25 ft.2 (3,600 in.2) high severity Open Corrosion Spall: (1) the density of the spall is 200 
in. (3,600 in.2 divided by 18 in.); and (2) the deduct value is 62, as shown in Fig. 2.4.
2.3.2.5  Adjustment Factor for Multiple Defect Types
Deduct values have been shown not to be linearly additive [Shahin et al., 1976, 
1987; Uzarski, 1991].  As the number of defects observed increases, the relative impact 
of each additional defect on the CI becomes smaller.  An adjustment factor for multiple 
defect types is therefore necessary.
2.3.3  Inspection
For large facilities, a comprehensive inspection can be time consuming and 
expensive.  CIs require that detailed defect observations be recorded (i.e., defect type, 
severity level, and quantity data) for each defect observed.  In order to minimize the level 
of effort required for performing CI inspections, statistically-based sampling methods 
have been developed.  These methods are based on the idea of subdividing large facili-
ties into smaller, homogenous units, which may then be sampled in order to arrive at an 
overall condition assessment of the entire facility. 
2.3.4  Existing Condition Indexes
The Pavement Condition Index (PCI) was the fi rst CI developed and serves as 
the measure of condition in the Micro PAVER EMS [Shahin et al., 1976].  The American 
Society for Testing and Materials (ASTM) has accepted the PCI as standard practice for 
airfi eld and roadway condition assessments [ASTM D 5430 and 6433].  Additional CIs 
have since been developed for roof systems, low volume rail, and Civil Works facilities, 
among many others [Shahin et al., 1987; Uzarski, 1991; USA-WES, 1996; McKay et al. 
1999].
2.4  Pile CI Concept and Development Criteria
Purely subjective condition assessments have their limitations; however, fi eld 
experience has shown that visually observed deterioration or defects provide an important 
characterization of a pile’s existing condition and an indication of its future performance 
[Brackett, 1982, Crist, 1986, HPA, 1999, and ASCE, 2001].  The Pile CI concept is 
straightforward: Transform defect data collected during routine, visual inspections into an 
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objective and repeatable measure of pile condition that models and quantifi es engineering 
judgment.  Pile condition should be measured relative to a similar, “like new” pile built 
as intended, according to good practice, and with good quality materials.  In addition, the 
Pile CI should provide an indication of the level of remedial action necessary to correct 
observed defects.  
The following development criteria were established for the Pile CI.  First, the 
scope of the Pile CI should be limited to solid concrete piles (both conventionally rein-
forced and prestressed) located in a saltwater environment.  Second, the Pile CI should 
be based on visually observed defect data collected during routine, above- and below-wa-
ter inspections.  Third, in an effort to standardize condition assessment practices among 
different facility types, it was decided that the Pile CI should conform to the common 
language already shared by existing CIs, which is characterized by a seven category rat-
ing scale, similar to the one shown in Fig. 2.1.
 Lastly, the need for accompanying sampling strategies was also identifi ed.  Large 
waterfront facilities may contain thousands of piles, and the costs associated with per-
forming a detailed inspection of every pile are prohibitive for routine inspections.  Meth-
ods should be developed to minimize the required level of inspection effort necessary to 
obtain a relatively accurate assessment of the overall condition of the piles at a facility.  
Minimizing the level of inspection effort should also facilitate the application of network- 
and project-level management strategies previously described.
It should be noted that the development criteria do not limit the applicability of 
the Pile CI to Navy facilities.  The same piles used by the Navy are used by commercial 
and private ports and harbors around the world.  As described in Chapter 3, efforts were 
made to ensure that the Pile CI is useful for all types of waterfront facilities (e.g., com-
mercially-owned and private ports and harbors) by including waterfront engineers with 
signifi cant non-Navy experience in all aspects of development.
2.5  Research Approach
At the outset of development, the weighted deduct-density approach was selected 
for Pile CI calculation.  The decision to use this approach was based largely on its suc-
cessful application to several other CIs.  A series of research activities was then identifi ed 
for developing the Pile CI, as shown in Fig. 2.5.  First, the most common types of defects 
affecting concrete piles were identifi ed through a literature review.  Defi nitions for each 
defect type were developed and severity levels were defi ned.  Methods for calculating 
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Fig. 2.5  Research activities for developing the Pile CI.
Initial defect
definitions
Data collection
(Rating sessions)
Data analysis for
individual defects
(Initial deduct value
curves)
Definitions
adequate?
Revise defect
definitions No
Sufficient
data? YesNo
Finalize individual
deduct value curves
Compute total deduct values
for multiple deduct cases
Data analysis for multiple deduct
value correction procedure
Yes
Finalize multiple deduct
value correction procedure
Finalize
Pile CI
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defect densities were also established.  Defect defi nitions were later updated and revised, 
as necessary, during development of the weighted deduct-density model.
Two different consensus-building techniques were employed in developing de-
duct value curves.  A fi rst set of deduct value curves was developed using a traditional, 
proven approach to CI development [Shahin et al., 1976, 1987].  This approach may be 
characterized primarily as an interacting group process [Delbecq et al. 1975].  Funding 
limitations prevented extensive fi eld validation of the deduct value curves; therefore, an 
alternative approach to validation was required.  The Delphi method was used in devel-
oping a second, independent set of deduct value curves.  The primary objective of the 
Delphi-based validation was to determine if the fi rst set of deduct value curves could 
be replicated by an independent group of experts.  Secondary objectives of the Delphi-
based validation included: (1) acquiring repair recommendations and costs for the vari-
ous defect types and severity levels; (2) exploring the feasibility of the Delphi method 
as an alternative (possibly more cost effective) means for further validating deduct value 
curves; and (3) involving several additional experts in Pile CI development to increase 
the likelihood of widespread acceptance of the Pile CI.  Both the traditional and Delphi-
based techniques were based on rating scale theory and concepts successfully used in the 
past [Uzarski, 1991].
Pile inspection and sampling strategies were developed through a synthesis of ex-
isting waterfront facility inspection techniques and methods commonly employed in CI-
based inspections.  Inspection and sampling strategies were developed in light of the fact 
that additional CIs for waterfront facilities may be developed in the future.  Consequently, 
the Waterfront Inspection Hierarchy (i.e., the framework within which these strategies 
are executed) was developed with broader application in mind, as discussed in Chapter 
5.  Lastly, the road map for development of a Structural Section Rating is provided as a 
simple example of how the Pile CI, in conjunction with CIs yet to be developed, may be 
aggregated for more network-level reporting needs.
2.6  Summary
In spite of the waterfront engineering community’s acknowledgment that routine 
condition inspections are a critical component of facility management, relatively little 
progress has been made toward improving existing inspection methods and procedures.  
Unfortunately, the current “state-of-the-art” in routine inspections is subjective condi-
tion rating.  Relying solely upon the judgment of the engineer performing the inspection, 
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these types of ratings are highly variable.  They are not appropriate as the foundation of a 
comprehensive, automated facility management system.  
CIs provide a more objective, repeatable means for performing inspections and 
assessing condition.  In addition to providing a common language for facility condition 
assessment, CIs facilitate more sophisticated engineering/management analyses, such 
as forecasting future conditions and M&R requirements.  The Pile CI represents the fi rst 
step in developing a suite of waterfront facility condition measures for either standalone 
use or as part of the WHARFER EMS.  Development and validation of the Pile CI is 
described in the following chapters.
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CHAPTER 3
PILE CONDITION INDEX DEVELOPMENT
Condition Indexes (CI) quantify visual observations of defects and transform 
them into objective, repeatable measures of condition that model and quantify engi-
neering judgment.  Development of CIs may be best described as a “collabor-iterative” 
process, as follows.  Collaboration among engineers is required in building a consensus 
regarding the effects that defects have on condition.  Iteration helps reconcile “in-the-of-
fi ce” and “in-the-fi eld” ratings, which (at fi rst) are seldom similar.  It also aids in identify-
ing the most appropriate methods for modeling condition in a weighted deduct-density 
based CI.  How to best defi ne defect types, severity levels, and density calculations is 
seldom readily apparent and frequently requires tuning.
This chapter presents the research activities performed in developing the Pile CI, 
activities shown on the left side of Fig. 3.1.  The chapter begins with an introduction to 
the panel of expert engineers who provided the engineering judgment to which the Pile 
CI is calibrated.  This is followed by a detailed account of the iterative development of 
the primary components of the Pile CI, including defect defi nitions, deduct value curves, 
and the multiple deduct value correction procedure.  The chapter concludes with exam-
ples of how the Pile CI is calculated.  The next chapter discusses the novel approach used 
for validating the Pile CI deduct value curves, the right side of Fig. 3.1.
3.1  Panel of Experts
At the outset of Pile CI development, a panel of experts in waterfront infrastruc-
ture engineering and management was assembled.  Panelists participated in several of the 
activities described in the upcoming sections; however, their primary role was assisting in 
the creation of deduct value curves.  Individuals with different backgrounds in waterfront 
engineering were deliberately selected to ensure that relevant aspects of pile deteriora-
tion and performance were considered during development.  Throughout the development 
process, they provided fi rst-hand experience related to pile inspection and maintenance 
and repair practices, and they made certain that the Pile CI is both comprehensive and 
practical.
Panelists were selected from the Navy and industry based on recommendations 
from Navy staff and contractors.  The names, affi liations, and relevant expertise of the 
panelists are listed in Table 3.1.  The majority of the panelists have more than twenty 
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years of engineering experience with extensive experience evaluating the condition of 
pile-supported, waterfront structures.  Approximately half of the panelists specialize in 
structural engineering and the other half in construction materials.  Due to their day-to-
day job requirements, some of the panelists are focused on pile condition at the network 
level (i.e., evaluating the overall condition and general repair requirements of several 
pile-supported structures), while others are engaged at the project level (i.e., evaluating 
the condition of individual piles and determining repair requirements).  Differences in 
educational backgrounds and job requirements among the panelists led to lively discus-
sions during the Pile CI development meetings, which took place over the course of two 
years.  The dates, locations, and purposes of these meetings are provided in Table 3.2.
3.2  Defect Defi nitions
The fi rst step in developing the Pile CI was identifying and defi ning the most 
prevalent and relevant defects affecting concrete piles.  The thirteen defects summarized 
in Table 3.3 represent the most commonly observed forms of distress and deterioration 
on conventionally reinforced and prestressed concrete piles.  Complete defi nitions that 
include physical descriptions, severity levels, measurement methods, and repair options 
for these defects are presented in Appendix A and are also available in the Navy’s Pile 
Defect Manual [Keifer et al., 2004].  As an example, the defi nition for the Abrasion defect 
is shown in Fig. 3.2.  Following is an overview of the defect defi nitions themselves, fol-
lowed by a discussion of their evolution.
3.2.1  Defect Types and Severity Levels
Pile CI defect types and severity levels are discussed below in the three categories 
shown in Table 3.3:  (1) chemical attack, (2) corrosion-related defects, and (3) overload/
mechanical damage.  The severity levels (e.g., low, medium, and high) associated with 
each defect type represent distinct degrees of deterioration that typically correspond to a 
different required level of repair.  Generally speaking, low severity defects are relatively 
minor and have little impact on the structural integrity of the pile; they need not be imme-
diately repaired.  Medium severity defects may or may not impact the structural integrity 
of the pile, but they should be scheduled for repair.  High severity defects likely have a 
signifi cant impact on the structural integrity of the pile, and they should be scheduled for 
more immediate repair.
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1.  ABRASION
Description
Abrasion is a frictional process that causes the gradual loss of surface concrete.  
Abraded concrete surfaces are typically smooth.  Abrasions commonly occur in the tidal 
zone as the result of wave action, ﬂ oating debris, or ice ﬂ ow.  Debris moving across 
the ocean ﬂ oor may abrade a pile near the mudline.  Vessels may also abrade a pile if 
fendering systems are damaged or inadequately designed.
Abrasions tend to be shallow, and any structural impact that they have on the pile 
is typically minor.  Very shallow (< 1/4 in.) abrasions are therefore not recorded.  More 
often than not, the reduction in surface concrete is a durability – rather than a structural 
– concern.  A thinner layer of concrete protecting underlying reinforcing steel may result 
in premature corrosion.  Of course, deep abrasions may have a signiﬁ cant impact on a 
pile’s structural integrity.  
Repair Options
Do Nothing; Patch; Jacket or Pile Replacement in severe cases.
How to Measure
Area (A) Measure the area of the abrasion.
Depth (DMax) Measure the maximum depth of the abrasion.
Severity Levels
Low 1/4 ≤ DMax < 1 in.
Medium 1 ≤ DMax < 2 in.
High DMax ≥ 2 in.
Notes
1.  If a pile has multiple abrasions, each is recorded independently.  
2.  The maximum depth determines the severity level of an abrasion.
3.  Abrasions less than 1/4 in. deep are not recorded.
4.  If corrosion staining is evident or reinforcement is exposed, the defect is recorded as 
either a closed or open corrosion spall.
5.  A problem typically associated with cast-in-place piles is honeycombing.  Honey-
combing is coarse aggregate that is not completely covered by mortar.  It may result 
from poorly graded aggregate or insufﬁ cient vibration at the time of placement.  Hon-
eycombing is recorded as abrasion.
Fig. 3.2  Defect defi nition for Abrasion.
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There are, however, exceptions to these severity level generalizations.  Breakage, 
for example, is a serious defect that has a signifi cant impact on the structural integrity of 
the pile, regardless of the severity level.  In this case, severity levels serve only to dif-
ferentiate among the many different forms of breakage.  Some defect types, as shown 
in Table 3.3, may be adequately described by only one or two severity levels.  Breakage 
and Volume Loss resulting from Chemical Attack, on the other hand, required additional 
severity levels (i.e., “very low” and “very high”) to account for the many different forms 
of these defects.
3.2.1.1  Chemical Attack
Though rare, chemical attack has resulted in severe deterioration and premature 
failure of concrete piles.  For the purposes of the Pile CI, three forms of chemical attack 
are identifi ed: (1) longitudinal cracks, (2) pattern cracks, and (3) volume loss.  These 
forms are simply a convenient means for describing commonly observed manifestations 
of chemical attack.  They are neither intended to imply specifi c mechanisms (e.g., sulfate 
attack, delayed-ettrignite formation, etc.) nor a predictable progression of deterioration.  
In order to identify the mechanism and rate of attack – as well as the appropriate remedial 
action – laboratory testing of concrete specimens is required.  A visual inspection alone is 
insuffi cient to fully characterize chemical attack.
Severity levels for Longitudinal Cracks resulting from Chemical Attack are based 
on total crack width, which is the sum of all crack widths at the most severe elevation of 
the pile.  The total width of longitudinal cracks provides an indication of the amount of 
volumetric expansion that has occurred in the pile.  There are currently no severity levels 
for Pattern Cracks resulting from Chemical Attack.  Severity levels for Volume Loss are 
based on the depth of the volume loss and the condition of any exposed reinforcement.
3.2.1.2  Corrosion-Related Defects
Corrosion-related cracks and spalls are the most frequently observed defects.  
They typically occur in a predictable progression: (1) longitudinal and/or transverse 
cracks appear above corroding reinforcement; (2) these cracks connect, forming a closed 
corrosion spall; and (3) the closed corrosion spall separates from the substrate, leaving an 
open corrosion spall.  As shown in Fig. 3.3, corner reinforcing bars are susceptible to this 
progression of defects.  Pile-to-deck connections are also susceptible due to high relative 
humidity below the deck and abundant reinforcement at the connection.  Repairs to corro-
32
Fig. 3.3  Progression of deterioration caused by corrosion of a corner reinforcing bar in 
a square concrete pile.  (a) and (b):  Longitudinal Corrosion Crack.  (c) and (d):  Closed 
Corrosion Spall.  (e) and (f):  Open Corrosion Spall.
(a) (b)
(c) (d)
(e) (f)
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sion-related defects that do not adequately address the underlying corrosion problem will 
likely show signs of corrosion-related cracking and spalling.
Severity levels for corrosion-related cracking are based on a combination of three 
variables: crack width, corrosion staining, and secondary cracking.  Combined, these fac-
tors provide an indication of the extent of the underlying corrosion problem.  These three 
variables, along with sounding, are also considered for severity levels of Closed Corro-
sion Spalling.  Severity levels for Open Corrosion Spalls are based on the condition of the 
exposed reinforcement.
3.2.1.3  Overload/Mechanical Damage
Structural overloading may result from pile driving, earthquakes, impacts, and 
other extreme live loads.  Single or multiple transverse cracks (herein referred to as 
overload cracks) near the ends of a pile are usually indicative of structural overloading.  
Overload cracks should be investigated to ensure that severe structural damage has not 
occurred.  Though frequently benign, these cracks may lead to corrosion problems.  Se-
verity levels are based solely on crack width.
A defect common to perimeter piles is the overload crack with accompanying 
spall.  This defect occurs at the pile-to-deck connection and usually indicates a vessel 
impact.  Affected piles may be severely damaged somewhere below the waterline, at the 
point of impact.  In extreme cases, structural overloading may result in breakage.
Mechanical damage is caused by frictional processes and minor impacts.  Care-
lessly placed mooring lines, fl oating debris, and vessels rubbing against a pile can cause 
abrasions.  Relatively minor impacts from vessels or construction equipment can cause 
spalls.  These types of defects are typically shallow and are primarily a durability con-
cern, since any reduction in concrete cover makes the underlying reinforcement more sus-
ceptible to corrosion.  Consequently, severity levels are based on the depth of the damage.
3.2.1.4  Repairs
Defects resulting from repair work, such as spalls and cracks on patches or jack-
ets, are recorded the same as defects occurring on the surface of the pile.  Panelists agreed 
that from a repair perspective, defects observed on repairs are handled in much the same 
way as defects on the pile.  The need to have a “Repair” defect type in order to indicate 
that the pile had been repaired in the past was determined to be unnecessary.  The main 
argument against the inclusion of a “Repair” defect type was that the majority of piles 
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have been repaired, and recording every repair at every inspection would simply be im-
practical.
3.2.2  Defect Density Measurement
In addition to developing defect defi nitions and severity levels, methods for as-
sessing the density (i.e., amount or quantity) of individual defect types were established.  
A summary of how density is calculated for each defect type is provided in Table 3.3.  
Density for area-based defects is defi ned as the area of the defect divided by the size (i.e., 
diameter or face width) of the pile.  For example, an 18-in. wide by 24-in. long Open 
Corrosion Spall located on an 18-in. square pile has a density of 24 in., whereas a similar 
spall on a 24-in. square pile has a density of 18-in.  As pile size decreases, relative density 
increases.  Note that for area-based defects, density has units of inches.  
For transverse cracks, density is expressed as a percentage equal to the length of 
the crack divided by the perimeter of the pile.  For example, an 18-in. long crack on an 
18-in. square pile has a density of 25%.  For longitudinal cracks, density is simply de-
fi ned as the length of the crack, in inches.
A few exceptions to these rules were required for practical considerations.  Lon-
gitudinal Cracks resulting from Chemical Attack typically occur underwater, and marine 
growth and visibility limitations can make length determination extremely diffi cult.  Con-
sequently, the concept of density was dropped altogether.  Density was also determined 
to be unnecessary for the Breakage and Open Overload/Mechanical Spall with Crack 
defects.
3.2.3  Evolution of Defect Defi nitions
Development of the defect defi nitions was an iterative process that spanned two 
years.  The initial defect list and defi nitions were inspired by three publications: the 
ASCE Underwater Investigations:  Standard Practice Manual [ASCE, 2001], the POLA 
manual [HPA, 1999], and (to a lesser extent) the ACI “Guide for Making a Condition 
Survey of Concrete in Service” [ACI, 1992].  The initial defect list is presented in Table 
3.4, and excerpts of the initial defi nitions are presented in Appendix B.  Examples of 
initial and fi nal defect defi nitions and severity levels for Transverse Corrosion Cracks are 
shown in Figs. 3.4 and 3.5, respectively.
The defect list and accompanying defi nitions underwent two major revisions be-
fore coalescing in their fi nal state.  Discussions with the expert panelists prior to any fi eld 
35
Ta
bl
e 
3.
4 
 
In
iti
al
 P
ile
 C
I D
ef
ec
t T
yp
es
C
at
eg
or
y
D
ef
ec
t N
am
e
Se
ve
rit
y 
Le
ve
ls
D
en
si
ty
 (%
)
D
ef
ec
t 
N
um
be
r
C
he
m
ic
al
 A
tta
ck
C
he
m
ic
al
 A
tta
ck
: L
on
gi
tu
di
na
l C
ra
ck
s
Lo
w,
 M
ed
iu
m
, a
nd
 H
ig
h
W
id
th
/P
ile
 P
er
im
et
er
3
C
he
m
ic
al
 A
tta
ck
: A
dv
an
ce
d
Ve
ry
 L
ow
, L
ow
, M
ed
iu
m
, H
ig
h,
 a
nd
 V
er
y 
H
ig
h
W
id
th
/P
ile
 P
er
im
et
er
4
C
or
ro
si
on
-R
el
at
ed
 D
ef
ec
ts
Lo
ng
itu
di
na
l C
or
ro
si
on
 C
ra
ck
s
Lo
w,
 M
ed
iu
m
, a
nd
 H
ig
h
B
ar
 C
ou
nt
5
Tr
an
sv
er
se
 C
or
ro
si
on
 C
ra
ck
s
Lo
w,
 M
ed
iu
m
, H
ig
h,
 a
nd
 V
er
y 
H
ig
h
W
id
th
/P
ile
 P
er
im
et
er
6
C
lo
se
d 
C
or
ro
si
on
 S
pa
lls
Lo
w,
 M
ed
iu
m
, a
nd
 H
ig
h
W
id
th
/P
ile
 P
er
im
et
er
9
O
pe
n 
C
or
ro
si
on
 S
pa
lls
Lo
w,
 M
ed
iu
m
, a
nd
 H
ig
h
W
id
th
/P
ile
 P
er
im
et
er
10
O
ve
rlo
ad
/M
ec
ha
ni
ca
l D
am
ag
e
A
br
as
io
n/
Er
os
io
n
Lo
w,
 M
ed
iu
m
, a
nd
 H
ig
h
W
id
th
/P
ile
 P
er
im
et
er
1
B
re
ak
ag
e
Lo
w,
 M
ed
iu
m
, H
ig
h,
 a
nd
 V
er
y 
H
ig
h
N
on
e
2
O
ve
rlo
ad
 C
ra
ck
s
Lo
w,
 M
ed
iu
m
, H
ig
h,
 a
nd
 V
er
y 
H
ig
h
W
id
th
/P
ile
 P
er
im
et
er
7
O
ve
rlo
ad
/M
ec
ha
ni
ca
l S
pa
lls
Lo
w,
 M
ed
iu
m
, a
nd
 H
ig
h
W
id
th
/P
ile
 P
er
im
et
er
11
O
ve
rlo
ad
 S
pa
ll 
w
ith
 C
ra
ck
Lo
w,
 M
ed
iu
m
, a
nd
 H
ig
h
W
id
th
/P
ile
 P
er
im
et
er
12
M
is
ce
lla
ne
ou
s
Ja
ck
et
s
Lo
w,
 M
ed
iu
m
, H
ig
h,
 a
nd
 V
er
y 
H
ig
h
W
id
th
/P
ile
 P
er
im
et
er
8
36
TRANSVERSE CORROSION CRACKS
Description and Repair Options
Similar to ﬁ nal deﬁ nition.
How to Measure
Crack Count Number of transverse corrosion cracks.
Length (LTotal) Measure the total length of transverse corrosion cracking.
Perimeter (P) Measure the perimeter affected by corrosion cracking.
Width (WMax) Measure the maximum transverse corrosion crack width.
Severity Levels
Crack Count
Width (WMax) Length (LTotal) 1 - 2 3 - 4 > 4
WMax < 1/64 in. Any Low Low Low
LTotal < 2 ft. Low Medium Medium
1/64 ≤ WMax < 1/32 in. 2 ≤ LTotal < 4 ft. Low Medium Medium
LTotal ≥ 4 ft. Low Medium High
LTotal < 2 ft. Medium High Very High
WMax ≥ 1/32 in. 2 ≤ LTotal < 4 ft. High High Very High
LTotal ≥ 4 ft. High High Very High
Notes
This defect is recorded once in an exposure zone.  The total length of cracking 
(LTotal) is the sum of the lengths of all individual cracks.  The perimeter (P) measurement 
is the absolute distance around the pile affected by this defect.  The presence of corrosion 
staining is necessary for classiﬁ cation of this defect.
Fig. 3.4  Initial defect defi nition for Transverse Corrosion Cracks.
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TRANSVERSE CORROSION CRACKS
Description
Corrosion cracks occur above reinforcement.  They are caused by stresses in the 
concrete resulting from the formation of expansive corrosion products.  Corrosion cracks 
are typically located above mean lower low water (MLLW) since the presence of oxygen 
is favorable to the corrosion process.  
Transverse corrosion cracks run parallel to shear reinforcement (e.g., ties).  In the 
case of spirally reinforced piles, cracks resulting from the corrosion of the spiral rein-
forcement may appear diagonally along the pile length.  Multiple cracks may appear near 
one another.  They may not extend fully around the perimeter of the pile.  The edges of 
corrosion cracks tend not to be as sharp as the edges of overstressing cracks.
Repair Options
Jacket, Patch, Pile Replacement
How to Measure
Length (L) Measure the crack length.
Crack Width (CWMax) Measure the maximum crack width.
Severity Levels
Low CWMax ≤ 1/32 in.  Light staining and/or secondary cracking may be present.
Medium (1)  1/32 < CWMax ≤ 1/16 in.; or
(2)  CWMax ≤ 1/32 in. with moderate to severe staining and/or secondary 
cracking.
High (1)  CWMax > 1/16 in.; or 
(2)  1/32 < CWMax ≤ 1/16 in. with moderate to severe staining and/or second-
ary cracking.
Notes
1. If a pile has multiple transverse corrosion cracks, each is recorded independently.
2. Multiple transverse corrosion cracks that are near one another and are connected by 
secondary cracking are recorded as a closed corrosion spall.
3. The presence of corrosion staining along the crack is not necessary for classiﬁ cation 
of this defect.
Fig. 3.5  Final defect defi nition for Transverse Corrosion Cracks.
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visits led to the fi rst major revision.  Based on the panelists’ past experiences, defects 
were added to and removed from the list, several severity levels were revised, and new 
methods for measuring quantities and calculating densities were developed.  The second 
round of revisions was the result of fi eld testing.  Discussed in the next section, modifi -
cations to the initial defect list were driven by deduct value curve development.  These 
revisions primarily affected severity level defi nitions and methods for determining defect 
density.  
3.3  Deduct Value Curves
In a weighted deduct-density model, deduct value curves quantify the relative 
impact that defects have on pile condition.  They provide the link between objectively 
collected defect data and engineering judgment.  A total of twenty-six deduct value 
curves are used in calculating the Pile CI, approximately one curve for each combination 
of defect type and severity level.  Each deduct value curve is based on the “consensus” 
ratings of the expert panelists.  Final deduct value curves for the four corrosion-related 
defect types are presented together in Fig. 3.6, and may be easily interpreted:  The larger 
the defect (x-axis), the larger the deduct value (y-axis).
3.3.1  Development Process
The steps followed in developing the curves are summarized in Fig. 3.7.  The de-
velopment of deduct value curves was accomplished through an iterative process of “in-
the-offi ce” formulation followed by “in-the-fi eld” validation.  After initial defect defi ni-
tions were developed, the panel of experts met several times in-the-offi ce and worked to 
come to a consensus on the relative impacts that defects of various type, severity, and size 
have on pile condition.  The product of these meetings was an initial set of deduct value 
curves, presented in Appendix C.  
Panelists then made several in-the-fi eld excursions to evaluate real piles.  The 
initial deduct value curves were compared to fi eld ratings, and modifi cations to the defect 
defi nitions and deduct value curves were made as necessary.  The development process 
was iterative by nature, and continued until there was acceptable agreement between 
average panel fi eld ratings and ratings produced by the Pile CI.  All twenty-six of the fi nal 
deduct value curves are presented in Appendix D.
39
Fig. 3.6  Final deduct value curves for corrosion-related defect types:  
(a) Longitudinal Corrosion Cracks; (b) Transverse Corrosion Cracks; (c) Closed Corro-
sion Spalls; and (d) Open Corrosion Spalls.
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Fig. 3.7  Deduct value curve development fl owchart [Shahin et al., 1976].
Determine initial
defect definitions
and deduct values
Field Test Evaluate Revise
Final Pile CI
procedure
Is procedure
acceptable?
No
Iterative Loop
Yes
41
3.3.2  In-the-Offi ce Formulation
Initial deduct value curves were developed in-the-offi ce based on ratings provided 
by the expert panelists.  For each combination of defect type and severity level, panelists 
rated a total of fi ve diagrams.  Each diagram depicted a different size (density) mani-
festation of the defect.  Table 3.5 presents a summary of the diagrams used in the study.  
Panelists rated the images independently, referring only to the Pile CI rating scale, shown 
in Fig. 3.8.  The Pile CI rating scale is similar to traditional rating scale shown in Fig. 
2.1, but it is tailored both to piles and the language and terminology used by waterfront 
engineers.  
In order to minimize bias in their initial ratings, panelists were given the follow-
ing instructions prior to the rating process:
1.  Do not discuss your ratings with others.
2.  Compare the current physical condition, alignment, and cross-sectional di-
mensions of the pile to that of a similar, “like-new” pile built as intended, 
according to good practice, and with good quality materials.
3.  Consider only visually observable defects.
4.  Disregard: (1) observable load conditions; (2) observable environmental con-
ditions; (3) the condition of surrounding structural elements; etc.
Each combination of defect type and density was rated by at least six – and as many as 
nine – of the expert panelists.  Individual panelist ratings were then presented and com-
pared to those of the entire panel.    
By defi nition, a consensus existed if all of the ratings were within fi fteen points 
(i.e., the equivalent of one category on the Pile CI rating scale) of one another.  The fi f-
teen point range had been used successfully in previous CI development efforts [Shahin 
et al., 1976, 1987; Uzarski, 1991].  If ratings differed by more than fi fteen points among 
panelists, they were asked to discuss their ratings and resolve the discrepancy.  Early on 
in development, ratings frequently differed by upwards of forty points.  In these situa-
tions, shortcomings with the defi nition of either the defect type or the severity level were 
identifi ed and corrected.  Once the ratings were within fi fteen points of one another, a 
locally weighted running line smoothing curve was fi tted to the data [Cleveland, 1979] in 
order to capture the overall rating trends.  Examples of the initial curves with rating data 
for the four corrosion-related defects are shown in Fig. 3.9.  
Smoothing curves have historically provided the foundation for essentially hand-
drawn deduct value curves [Uzarski, 1991].  The need to impose the engineering judg-
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Table 3.5  
Diagrams Evaluated in Developing Initial Deduct Value Curves
Defect
Number Defect Name
Severity 
Level
Densities 
(Percent Perimeter)
Diagrams*
(Total)
1 Abrasion/Erosion Low 12.5, 25, 37.5, 50, and 100 5
Medium 12.5, 25, 37.5, 50, and 100 5
High 12.5, 25, 37.5, 50, and 100 5
2 Breakage Low NA 1
Medium NA 1
High NA 1
Very High NA 1
3 Chemical Attack:  Low 12.5, 25, 37.5, 50, and 100 5
Longitudinal Cracks Medium 12.5, 25, 37.5, 50, and 100 5
High 12.5, 25, 37.5, 50, and 100 5
4 Chemical Attack:  Very Low 12.5, 25, 37.5, 50, and 100 5
Advanced Low 12.5, 25, 37.5, 50, and 100 5
Medium 12.5, 25, 37.5, 50, and 100 5
High 12.5, 25, 37.5, 50, and 100 5
Very High 12.5, 25, 37.5, 50, and 100 5
5 Longitudinal Low 12.5, 25, 37.5, 50, and 100 5 AW, 5 BW
Corrosion Cracks Medium 12.5, 25, 37.5, 50, and 100 5 AW, 5 BW
High 12.5, 25, 37.5, 50, and 100 5 AW, 5 BW
6 Transverse Low 12.5, 25, 37.5, 50, and 100 5 AW, 5 BW
Corrosion Cracks Medium 12.5, 25, 37.5, 50, and 100 5 AW, 5 BW
High 12.5, 25, 37.5, 50, and 100 5 AW, 5 BW
7 Overload Cracks Low 12.5, 25, 37.5, 50, and 100 5 AW, 5 BW
Medium 12.5, 25, 37.5, 50, and 100 5 AW, 5 BW
High 12.5, 25, 37.5, 50, and 100 5 AW, 5 BW
* Above water (AW); below water (BW).
Continued on next page
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Table 3.5—Continued
Defect
Number Defect Name
Severity 
Level
Densities 
(Percent Perimeter)
Diagrams
(Total)
8 Jackets Low 12.5, 25, 37.5, 50, and 100 5
Medium 12.5, 25, 37.5, 50, and 100 5
High 12.5, 25, 37.5, 50, and 100 5
Very High 12.5, 25, 37.5, 50, and 100 5
9 Closed Corrosion Spalls Low 12.5, 25, 37.5, 50, and 100 5
Medium 12.5, 25, 37.5, 50, and 100 5
High 12.5, 25, 37.5, 50, and 100 5
10 Open Corrosion Spalls Low 12.5, 25, 37.5, 50, and 100 5
Medium 12.5, 25, 37.5, 50, and 100 5
High 12.5, 25, 37.5, 50, and 100 5
11 Overload/Mechanical Spalls Low 12.5, 25, 37.5, 50, and 100 5 AW, 5 BW
Medium 12.5, 25, 37.5, 50, and 100 5 AW, 5 BW
High 12.5, 25, 37.5, 50, and 100 5 AW, 5 BW
12 Overload Spall with Crack Low 12.5, 25, 37.5, 50, and 100 5
Medium 12.5, 25, 37.5, 50, and 100 5
High 12.5, 25, 37.5, 50, and 100 5
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Fig. 3.9  Initial, above-water deduct value curves with rating data for corrosion-related 
defect types:  (a) Longitudinal Corrosion Cracks; (b) Transverse Corrosion Cracks; (c) 
Closed Corrosion Spalls; and (d) Open Corrosion Spalls.
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ment of the CI developer upon the deduct value curves arises when (often limited) fi eld 
ratings confl ict with in-the-offi ce ratings.  The locally weighted running line smoothing 
function (LOWESS) of the Stata software program was uniformly applied in developing 
all Pile CI deduct value curves [StataCorp, 2003].  This enabled a more objective com-
parison of the Pile CI deduct value curves developed using the traditional approach (de-
scribed in this chapter) and the curves developed using the novel, Delphi-based approach 
(described in Chapter 4), 
3.3.3  In-the-Field Validation
In order to test the initial deduct value curves in the fi eld, panelists rated several 
piles at Naval Amphibious Base, San Diego.  The inspections took place in the morn-
ing to mid-afternoon aboard a small boat that was able to be maneuvered underneath the 
piers.  Only three panelists were able to fi t in the boat at a time.  Two separate, two-day 
trips to the base were necessary for six panelists to rate all the piles.  Due to environmen-
tal factors (i.e., heat, sun exposure, and wave action), fi eld rating sessions were limited to 
six hours a day, three hours in the morning and three in the early afternoon.  Unfortunate-
ly, funding limitations prevented some panelists from attending the fi eld rating sessions, 
and underwater inspections were not possible.  
Piles having different defect types, severity levels, and quantities were selected 
for rating.  Approximately thirty piles were rated during each session.  Relevant measure-
ments of the observed defects were recorded and photographs were taken during the rat-
ing process.  Examples of the types of data collected in the fi eld are shown in Figs. 3.10 
and 3.11.  Many of the piles suffered from corrosion-related defects and some exhibited 
overload/mechanical damage.  Chemical attack was not observed.  
Prior to rating the piles, panelists were provided with instructions similar to those 
used for the offi ce rating sessions.  The only difference was that panelists were asked 
fi rst to rate the condition of the pile considering each defect individually before assign-
ing an overall rating to the pile.  For example, a pile with three defects would be rated a 
total of four times, once for each defect and once overall.  Panelists wrote their ratings on 
dry-erase boards, and ratings were presented in unison.  After rating each pile, panelists 
were given the opportunity to discuss and revise their ratings, if necessary.  Major factors 
affecting the panelists’ ratings were discussed as well as their repair recommendations.  
After all the piles were rated, the panelists met in the offi ce to further discuss and revise 
their ratings.
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3.3.4  Analysis of Field Data
On-site analysis of the data from the fi eld visits showed consistent discrepancies 
between fi eld ratings and existing deduct values.  As shown in Fig. 3.12ab, the initial 
deduct value curves tended to overestimate the effect of individual defects on condition; 
and, therefore, resulted in an under-conservative estimate of the Pile CI, also shown in 
Fig. 3.12cd.  In addition, clustering of the calculated deduct values observed in Fig. 3.12a 
led to the conclusion that the existing method for calculating defect density was inad-
equate.  
In the initial defect defi nitions and deduct value curves, density was calculated as 
the percentage of the pile perimeter affected by a defect.  For example, a 16-in. wide by 
24-in. long spall located on an 18-in. square pile has a density of 17% (i.e., 16 in. divided 
by the 96 in. perimeter).  Consequently, severity levels accounted for ranges of possible 
defect lengths in addition to any other relevant variables.  From a practical point of view, 
the perimeter-based density method simply attempted to aggregate too broad a range of 
condition into a single deduct value.  The general fi nding was that in-the-fi eld ratings are 
more affected by the total area of a defect rather than simply the percentage of the perim-
eter affected.
Furthermore, it was observed during the fi eld validation sessions that the existing 
severity levels were impractical.  Some defect types had as many as fi ve severity levels, 
as shown in Appendix B, which were confusing and time consuming to identify.  Also, 
some severity levels did not account for all of the variables affecting panelists’ ratings.  
For example, the extents of corrosion staining and secondary cracking – not included in 
initial defect defi nitions – were observed to infl uence ratings of corrosion-related defects.  
It was also determined that separate deduct value curves for above- and below-water 
manifestations of defects were unnecessary, since the deduct values curves differed by 
only a couple points overall.  Lastly, panelists noted that recording multiple occurrences 
of a defect as a single, “merged” defect was inappropriate and misleading.  For example, 
the defi nition of Advanced Chemical Attack required that the perimeter of the defect be 
recorded as the width of each occurrence plus the width between occurrences.  Not only 
does this result in an overly conservative assessment of the extent of a defect, but it also 
results in several possible defect manifestations receiving the same rating.  
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Fig. 3.12  (a) Initial, calculated deduct values vs. average expert panel deduct values.  (b) 
Differences between initial, calculated deduct values and average expert panel deduct 
values.  (c) Initial, calculated Pile CI values vs. average expert panel rating.  (d) Differ-
ences between initial, calculated Pile CI values and average expert panel ratings.
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3.3.5  Finalization of Deduct Value Curves
Based on the results of fi eld testing, a second (and fi nal) major revision of the 
defect defi nitions was performed.  Defect types were added and removed and severity 
levels were simplifi ed.  The perimeter-based density calculation was replaced with an 
area-based calculation.  Methods for counting and recording defects were also modifi ed.  
These revisions resulted in the fi nal defect defi nitions presented in Appendix A.
Upon completion of the revisions, a meeting was held to develop a new set of 
deduct value curves.  Table 3.6 presents a summary of the diagrams and supplementary 
photographs used in the study.  Deduct value curves were required for ten of the thirteen 
defect types.  Single deduct values were adequate for each of the four severity levels of 
Breakage and each of the three severity levels of Longitudinal Cracks resulting from 
Chemical Attack.  A single deduct value was also used for the Open Overload/Mechanical 
Spall with Crack defect, which does not have any severity levels.  The same rating ap-
proach was used in developing the new deduct value curves.  Due to funding limitations, 
only fi ve expert panelists participated in developing the fi nal deduct value curves.
3.3.6  Analysis and Discussion
A comparison of Figs. 3.12 and 3.13 indicates that the fi nal deduct value curves 
result in Pile CI values better correlated to the expert panel fi eld ratings.  Most important-
ly, the clustering of deduct values evident in Fig. 3.12a is not evident in Fig. 3.13a.  This 
is primarily the result of changing from a perimeter-based to an area-based density calcu-
lation.  The area-based density calculation allows for a continuous range of defect sizes to 
be considered.  In addition, fi nal severity levels – which no longer need to consider defect 
length – better capture how the panelists assess the severity of defects in the fi eld.  
Referring to Appendix D, most of the fi nal deduct value curves have similar 
shapes.  The curves increase relatively rapidly at smaller densities and then level-off at 
larger densities.  However, their relative effects on the Pile CI vary greatly.  In the case of 
the four corrosion-related defects, corrosion cracks are less severe than closed spalls, and 
open spalls are the most severe.  A similar trend exists among the three forms of chemical 
attack.  Only very high severity volume loss approaches the deduct values associated with 
breakage.  Referring to Appendix A, abrasions and spalls resulting from mechanical dam-
age appear to be the least severe defect types while the four severity levels of breakage 
have some of the highest deduct values.
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Table 3.6  
Diagrams Evaluated in Developing Final Deduct Value Curves
Defect
Number Defect Name
Severity 
Level Densities
Diagrams
(Total)
Photographs
(Total)
1 Abrasion Low 4, 31, 60, 121, and 173 in. 5 3
Medium 4, 31, 60, 121, and 173 in. 5 3
High 4, 31, 60, 121, and 173 in. 5 –
2 Breakage Low NA 1 –
Medium NA 1 –
High NA 1 –
Very High NA 1 –
3 Chemical Attack:  Low NA 1 –
Longitudinal Cracks Medium NA 1 –
High NA 1 –
4 Chemical Attack:  NA 32, 48, 88, 181, and 360 in. 5 –
Pattern Cracks
5 Chemical Attack:  Low 32, 48, 88, 181, and 360 in. 5 2
Volume Loss Medium 32, 48, 88, 181, and 360 in. 5 3
High 32, 48, 88, 181, and 360 in. 5 6
Very High 32, 48, 88, 181, and 360 in. 5 1
6 Longitudinal Low 12, 24, 36, 84, and 120 in. 5 5
Corrosion Cracks Medium 12, 24, 36, 84, and 120 in. 5 8
High 12, 24, 36, 84, and 120 in. 5 1
7 Transverse Low 8, 17, 25, 58, and 100% 5 –
Corrosion Cracks Medium 8, 17, 25, 58, and 100% 5 –
High 8, 17, 25, 58, and 100% 5 3
8 Overload Cracks Low 8, 17, 25, 58, and 100% 5 4
Medium 8, 17, 25, 58, and 100% 5 1
High 8, 17, 25, 58, and 100% 5 3
Continued on next page
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Table 3.6—Continued
Defect
Number Defect Name
Severity 
Level Densities
Diagrams
(Total)
Photographs
(Total)
9 Closed Corrosion Spalls Low 16, 45, 96, 192, and 360 in. 5 3
Medium 16, 45, 96, 192, and 360 in. 5 8
High 16, 45, 96, 192, and 360 in. 5 8
10 Open Corrosion Spalls Medium 16, 45, 96, 192, and 360 in. 5 4
High 16, 45, 96, 192, and 360 in. 5 6
11 Closed Overload/ NA 4, 12, 24, 48, and 96 in. 5 –
Mechanical Spalls
12 Open Overload/
Same as Abrasion
Mechanical Spalls
13 Open Overload/ NA NA 1 –
Mechanical Spall with 
Crack
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Fig. 3.13  (a) Final, calculated deduct values vs. average expert panel deduct values.  (b) 
Differences between fi nal, calculated deduct values and average expert panel deduct val-
ues.  (c) Final, calculated Pile CI values vs. average expert panel ratings.  (d) Differences 
between fi nal, calculated Pile CI values and average expert panel ratings.  
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It is worth noting that the deduct value curves may not represent a very good 
estimate of true mean rating (i.e., of the entire population of waterfront engineers) of the 
affect the various defects have on pile condition.  Instead, they represent the consensus of 
a relatively small panel of experts.
3.4  Multiple Deduct Value Correction Procedure and Pile CI Calculation
During the in-the-fi eld validation effort, the vast majority of piles exhibited only 
one or two defects, and frequently the defects were similar in nature (e.g., two corrosion-
related defects).  For piles exhibiting more than one defect, panelists tended to rate the 
pile the same as or only a few points lower than if only the most severe defect were pres-
ent, as shown in Fig. 3.14.  For example, if a pile exhibited one low and one high severity 
Closed Corrosion Spall, panelists tended to rate the pile only slightly (two to four points) 
worse than a pile exhibiting only a high severity spall.  Panelists could neither recall more 
than a few instances when they had seen a pile with more than two defects, nor could 
they provide photographs of such piles.
These observations led to the simple multiple deduct value correction procedure 
shown in Eqn. 3.1.
The Pile CI is calculated with the following expression: 
 NDV),F(DVDV100CIPile Max.Max.   Eqn. 3.1
 Where:
 DVMax. = Maximum deduct value of all recorded defects
 NDV = Total number of recorded defects with a DV greater than 15 points
 F(DVMax., NDV) =  Lesser of 3 • (NDV – 1) and 100 – DVMax.  
Additional deduct values less than or equal to fi fteen points have no affect on the 
Pile CI, whereas additional deduct values greater than fi fteen points reduce the Pile CI by 
only a few points.  Panelists agreed that it would be best to begin with a simple solution; 
if problems arise during additional fi eld testing or through use of the Pile CI, the multiple 
deduct value correction procedure may be modifi ed.  An example of Pile CI calculation 
for a pile with only one defect is illustrated in Fig. 3.15, and an example of Pile CI calcu-
lation for a pile with multiple defects is illustrated in Fig. 3.16.
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Fig. 3.14  For piles with two deduct values greater than fi fteen points:  (a) Average expert 
panel fi eld ratings for the most severe defect vs. the overall pile rating, (b) Range of dif-
ferences between ratings.
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Fig. 3.15  Example Pile CI calculation for a pile exhibiting only one defect.
Pile Description: Reinforced Concrete, 16-in. square.
Defect: Abrasion, Low Severity
        Area = 2,560 in.2
Step 1.  Inspect pile and record all visible defects.
Step 2.  Calculate deduct values (DV) for each defect.
1. DVMax. = 19
2. F(DVMax., NDV) is not applicable.
3a. Pile CI = 100 - 19
3b. Pile CI = 81
Step 3.  Determine multiple deduct correction factor, 
F(DVMax., NDV), and calculate Pile CI.
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Fig. 3.16  Example Pile CI calculation for a pile exhibiting multiple defects.
Pile Description: Reinforced Concrete, 16-in. square.
Defect 1. Abrasion, Low Severity
          Area = 2,560 in.2
Defect 2. Closed corrosion spall, Medium Severity
          Area = 3,200 in.2
Defect 3. Open corrosion spall, Medium Severity
          Area = 2,400 in.2
Step 1.  Inspect pile and record all visible defects.
Step 2.  Calculate deduct values (DV) for each defect.
1. DVMax. = 52
2. Total number of deducts greater than 15 points, NDV = 3
3a. F(DVMax., NDV)1 = 3 • (3 - 1) = 6
3b. F(DVMax., NDV)2 = 100 - 52 = 48
3c. F(DVMax., NDV) = Lesser of 6 and 48 = 6
4a. Pile CI = 100 - 52 - 6
4b. Pile CI = 42
Step 3.  Determine multiple deduct correction factor, 
F(DVMax., NDV), and calculate Pile CI.
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3.5  Summary
In this chapter, a detailed account of Pile CI development was presented.  First, 
formal defi nitions for the most common defect types affecting waterfront concrete piles 
were established.  These defi nitions (presented in their entirety in Appendix A) include: 
(1) defect descriptions, (2) defect severity levels, (3) minimum requirements for measur-
ing and recording defect data in the fi eld, and (4) methods for calculating defect density.  
Second, deduct value curves were created for each combination of defect type and sever-
ity level.  Based on the collective judgment of a panel of expert engineers, deduct value 
curves represent the relative impact of the various defect types on overall pile condition.  
Lastly, a straightforward approach to handling piles affected by multiple defects was 
established.
This chapter also included a discussion of the iterative research process through 
which the Pile CI evolved.  Originally developed based on the results of a literature re-
view, defect defi nitions underwent a series of revisions based on the comments of expert 
panelists and observations made during fi eld validation excursions.  Deduct value curves 
were developed through a consensus-driven process consisting of in-the-offi ce rating 
sessions reinforced with in-the-fi eld validation exercises.  Through discussion and de-
bate, the experts eventually agreed (within reason) on the impact that the various defect 
manifestations have on overall pile condition.  The novel, Delphi-based approach used to 
validate the deduct value curves is described in the next chapter. 
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CHAPTER 4
PILE CONDITION INDEX VALIDATION:  
A NOVEL, DELPHI-BASED APPROACH
Condition Index (CI) development is a combination of art and formula.  In spite 
of the fact that CIs share some of the same underlying theory, each index – in one way or 
another – is unique.  Methods that work for calculating one CI may not work for another; 
similarly, methods that worked for developing one CI may not work in developing other 
indexes.  Practical considerations, such as accessibility restrictions and funding limita-
tions, challenge researchers to devise alternative development and validation methods.  
Facilitating group fi eld visits for pile rating was one of the most diffi cult obstacles 
to Pile CI development.  It simply was not physically possible to fi t more than a few ex-
perts – three to be exact – into a boat to evaluate pile condition.  Funding limitations also 
prevented the full panel of experts from meeting as often as was preferred.  Traditionally, 
comprehensive validation of a CI requires several fi eld visits and the input of many en-
gineers.  Such validation is extremely sensitive to funding availability and is beyond the 
scope of this research effort.  For the purposes of this thesis, the Delphi method, which 
is simply a form of structured group interaction/consensus building, was employed as a 
novel approach to Pile CI validation.
This chapter presents the research activities performed in the Delphi-based valida-
tion of the Pile CI.  The chapter begins with an introduction to the Delphi method.  Next, 
the organization and execution of the two Delphi studies performed are discussed.  This 
is followed by an analysis of the Delphi rating data collected.  Lastly, the traditional and 
Delphi-based deduct values curves are compared.
4.1  Validation Objective
The primary objective of the Delphi-based validation was to determine if the 
deduct value curves developed using the traditional approach (described in the previous 
chapter) may be replicated.  Through application of the Delphi method, a large panel of 
experts worked toward a consensus on the affects that the thirteen Pile CI defect types 
have on pile condition.  The output of this endeavor is a second, independent set of de-
duct value curves.  Secondary objectives of the validation effort include:  (1) acquiring 
repair recommendations for the defect types and severity levels, (2) exploring the feasi-
bility of the Delphi method as an alternative means for further validating deduct value 
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curves, and (3) involving several additional experts in Pile CI development to increase 
the likelihood of widespread acceptance of the Pile CI.  
4.2  Delphi Method
The Delphi method was developed in the 1950s at the RAND Corporation as part 
of a US Air Force sponsored project.  The objective of the method was to “obtain the 
most reliable consensus of opinion of a group of experts… by a series of intensive ques-
tionnaires interspersed with controlled opinion feedback” [Dalkey and Helmer, 1963].  
The fi rst Delphi study was the application of “expert opinion to the selection, from the 
point of view of a Soviet strategic planner, of an optimal US industrial target system and 
to the estimation of the number of A-bombs required to reduce munitions output by a 
prescribed amount.”  At the time, attempting to model this problem via computer simula-
tions would have been extremely diffi cult:  (1) A very extensive and costly data-collec-
tion effort would have been required; (2) programming and executing models would have 
pushed 1950s-era computing capabilities; and (3) many of the required inputs would have 
been based on subjective assessments anyway [Linstone and Turoff, 1975]. 
The most common form of the Delphi method is the “pencil and paper” version, 
which is structured as follows:
1.  A small monitor team designs a questionnaire which is sent to a larger respon-
dent group.  
2.  After the questionnaire is returned, the monitor team summarizes the results 
and, based upon the results, develops a new questionnaire for the respondent 
group.  
3.  The respondent group is usually given at least one opportunity to reevaluate 
its original answers based upon examination of the group response.
Other forms of the Delphi method are essentially the same but make use of computers for 
response gathering and processing.
The Delphi method is characterized by response anonymity, controlled feedback, 
and statistical summary of group responses.  Response anonymity minimizes the effect of 
dominant individuals.  Controlled feedback reduces the range of answers and focuses on 
group consensus.  Statistical summary is used to reduce the group pressure for conformity 
and ensures that the opinion of every expert is represented in the fi nal ratings.  In other 
words, the less informed responses gravitate towards the more informed responses in suc-
cessive rounds.  [Linstone and Turoff, 1975]
62
Since its ominous, Cold War-era origins, the Delphi method has become a popular 
group communication technique.  It has been shown to be an effective tool for eliciting 
and distilling expert judgment [Rowe and Wright, 1999]; and, as described by Linstone 
and Turoff [1975], the method lends itself to situations where:
1.  The problem at hand does not lend itself to precise analytical techniques but 
can benefi t from subjective judgments on a collective basis.
2.  Time and cost make frequent group meeting infeasible.
3.  More individuals are needed than can effectively interact in a face-to-face 
exchange.
4.  The effi ciency of face-to-face meeting can be increased by a supplemental 
group communication process.
All of which are characteristic of CI development.  Although the Delphi method has not 
been used previously in CI development, it has been used in research related to infrastruc-
ture condition rating and life-cycle cost analysis [Saito and Sinha, 1991]. 
A key concept in both CI development and the Delphi method is consensus.  
When developing deduct value curves, the goal is to reach a consensus on the affects 
that various defects have on condition.  Using the traditional approach to deduct value 
curve development, consensus is explicitly defi ned:  It exists when the highest and low-
est ratings differ by no more than fi fteen points.  With the Delphi method, consensus has 
been traditionally measured as the decrease in variance between rounds:  The greater the 
decrease in variance, the greater the consensus [Rowe and Wright, 1999].  This approach 
to quantifying consensus is used in evaluating the results of this study.
4.3  Pile CI Delphi Study 
The Delphi study consisted of two rounds, as shown in Fig. 4.1.  Similar to the 
traditional deduct value curve development method, image rating served as the founda-
tion of the Pile CI Delphi study.  The purpose of the fi rst round was to acquire unbiased 
ratings and repair recommendations from the participants for several images of piles ex-
hibiting various defects.  In the second round, participants were provided with their round 
one ratings and a summary of all the fi rst round responses.  With this information in hand, 
they were given the opportunity to change their fi rst round ratings and recommendations 
if they felt compelled to do so.  The ratings for each image were then averaged and used 
to create the deduct value curves.
Images consisted of both diagrams and photographs.  Each image depicts a typical 
defect along with relevant characteristics such as length, width, depth, crack width, and 
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Fig. 4.1  Organization of the Pile CI Delphi Study [Saito and Sinha, 1991].
Round 1
First response to the
questionnaire based solely on
one’s opinion.
Reconsideration of one’s first
responses by comparing with
statistical summary.
Modify responses if necessary.
Preparation of first
questionnaire.
Analysis of first questionnaire
responses:
1.  Written summary.
2.  Means and standard deviations.
3.  Selection of relevant items.
Preparation of second questionnaire.
Analysis of second
questionnaire
responses.
Preparation of final
summary.
Round 2
(Feedback)
Expert Panelists’ Tasks
Analyst’s Tasks
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so on.  The severity level of the defect is not explicitly stated on the image.  Typically, 
fi ve diagrams illustrating different sizes (densities) of a combination of defect type and 
severity level were needed to develop the corresponding deduct value curve; a total of 
one hundred sixty-eight images were used to develop deduct value curves for the thirteen 
Pile CI defects.  Table 4.1 presents a summary of the images used in the study.  Examples 
of these images are shown in Appendix G.
Based on recommendations by the expert panelists, an 18-in., octagonal, pre-
stressed concrete pile with an exposed length of 45 ft., 10 ft. of which is located above 
water, was used as the model pile for the diagrams.  This is one of the most common 
types of piles found in waterfront structures.  Photographs were provided primarily for 
context; however, some were used in developing individual deduct values for defects 
without densities (e.g., Breakage).
4.4  Pilot (Student) Delphi Study
The pilot Delphi study was performed for two reasons:  (1) to obtain an estimate 
of the amount of time participants would likely invest in the study, and (2) to identify 
and correct problems with the structure and details of the study.  A common mistake in 
applying the Delphi method is underestimating the time investment required from partici-
pants [Linstone and Turoff, 1975].  Individuals who are made aware of how much time 
a study will require – prior to agreeing to participate – are less likely to withdraw.  This 
was an important consideration since participation in the study would be voluntary and 
participants would not be compensated for their time.  The pilot study provided a means 
to determine the total number of rounds the actual study would likely require and the 
amount of time each round would take to complete.  Pile images and the methods used 
for presenting and summarizing data were also evaluated during the pilot study.
4.4.1  Organization 
University of Illinois at Urbana-Champaign Prof. David Lange kindly agreed to 
make the pilot study a homework assignment for the twenty-seven students enrolled in 
his fall 2004 Civil and Environmental Engineering “Infrastructure Repair” course.  At the 
time of the study, the semester was nearly fi nished, and students had already received an 
introduction to the deterioration and repair of concrete structures.  Nonetheless, a presen-
tation on waterfront infrastructure management was made to the class, and students were 
provided with background literature on the defect types that commonly affect concrete 
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Table 4.1  
Images Evaluated in the Pile CI Delphi Study
Defect
Number Defect Name
Severity 
Level Densities
Diagrams
(Total)
 
Photographs
(Total)
1 Abrasion Low 8, 32, 72, 128, and 200 in. 5 1
Medium 8, 32, 72, 128, and 200 in. 5 2
High 8, 32, 72, 128, and 200 in. 5 –
2 Breakage Low NA – –
Medium NA – 2
High NA – 1
Very High NA – 1
3 Chemical Attack:  Low 12, 36, 72, 240, and 420 in. 5 1
Longitudinal Cracks Medium 12, 36, 72, 240, and 420 in. 5 1
High 12, 36, 72, 240, and 420 in. 5 1
4 Chemical Attack:  NA 32, 128, 287, 800, and 1400 in. 5 1
Pattern Cracks
5 Chemical Attack:  Low 32, 128, 287, 800, and 1400 in. 5 1
Volume Loss Medium 32, 128, 287, 800, and 1400 in. 5 2
High 32, 128, 287, 800, and 1400 in. 5 2
Very High 32, 128, 287, 800, and 1400 in. 5 1
6 Longitudinal Low 6, 12, 36, 72, and 120 in. 5 1
Corrosion Cracks Medium 6, 12, 36, 72, and 120 in. 5 1
High 6, 12, 36, 72, and 120 in. 5 1
7 Transverse Low 10, 30, 50, 80, and 100% 5 –
Corrosion Cracks Medium 10, 30, 50, 80, and 100% 5 –
High 10, 30, 50, 80, and 100% 5 2
8 Overload Cracks Low 10, 30, 50, 80, and 100% 5 –
Medium 10, 30, 50, 80, and 100% 5 2
High 10, 30, 50, 80, and 100% 5 2
Continued on next page
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Table 4.1—Continued
Defect
Number Defect Name
Severity 
Level Densities
Diagrams
(Total)
Photographs
(Total)
9 Closed Corrosion Spalls Low 12, 32, 80, 192, and 400 in. 5 1
Medium 12, 32, 80, 192, and 400 in. 5 4
High 12, 32, 80, 192, and 400 in. 5 2
10 Open Corrosion Spalls Medium 12, 32, 80, 192, and 400 in. 5 2
High 12, 32, 80, 192, and 400 in. 5 2
11 Closed Overload/ NA 2, 8, 32, and 72 in. 4 1
Mechanical Spalls
12 Open Overload/
Same as Abrasion
Mechanical Spalls
13 Open Overload/ NA NA – 2
Mechanical Spall with 
Crack
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piles.  The presentation also included background to the Delphi method and the study’s 
goals.  The presentation was immediately followed by a “kickoff” e-mail that further 
explained the mechanics of the study.  
The pilot study was planned to consist of three rounds.  The fi rst two rounds were 
to be the same as those shown in Fig. 4.1, and the third round was intended to provide an 
additional opportunity for rating and recommendation revisions.  In an effort to expedite 
the study, deduct value curves for several medium severity defects were excluded, do-
ing so reduced the total number of images for rating by approximately 20%.  The pilot 
study was performed entirely via e-mail; instructions and rating forms were distributed as 
Adobe PDF fi les, and responses were collected in Microsoft Excel spreadsheets.
4.4.2  Round 1
Students were provided with one hundred thirty-eight pile rating forms (in a 
single Adobe PDF fi le) and instructed to assign an overall rating to the pile and make 
a repair recommendation to correct the visible defect.  Rating forms were presented in 
random order to avoid imposing any preconceived rating hierarchy.  In an effort to further 
minimize bias in their evaluations, students were instructed to:
1.  Rate the overall condition of each pile depicted; do not assign ratings to the 
defects.
2.  Only consider the defect visible in the photograph/diagram and the supporting 
defect and pile data; assume no other defects are present.
3.  Compare the observed physical condition of the pile depicted to that of a 
similar “like-new” pile built as intended, according to good practice, and with 
good quality materials.
4.  Base ratings on the Pile CI rating scale shown on each form.
5.  Rate the images in the order in which they are presented.
Context for the artifi cial diagrams was provided by presenting all thirty-nine photographs 
(in random order) ahead of the ninety-nine diagrams.  Students entered their evaluations 
directly into a pre-formatted spreadsheet.  The complete list of instructions and examples 
of the rating forms are shown in Appendix G.
4.4.3  Round 2
Students were provided with a summary of fi rst round pile ratings and repair 
recommendations.  The following group statistics were provided for each pile rating:  
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average, standard deviation, median, minimum, maximum, and range.  Repair recommen-
dations – which varied in complexity from step-by-step instructions to simple, one-word 
responses – were grouped into several general categories, such as patch, epoxy inject, 
structural jacket, non-structural jacket, and so on.  The total number of students recom-
mending each category of repair was tabulated for each pile.  The summary was present-
ed next to each student’s fi rst round responses, so that individual ratings and recommen-
dations could be easily compared to those of the group.
Students were instructed to compare their fi rst round evaluations to those of their 
peers and to update their responses as they saw fi t.  Students were not obligated to modify 
their fi rst round ratings, though the majority did.  Rating forms were collated by defect 
type, severity, and density; photographs were similarly collated and presented immediate-
ly preceding their corresponding diagrams.  This ordering enabled students to more easily 
check the consistency of their ratings and repair recommendations.  Students entered their 
revised responses directly in the summary spreadsheet.  The deduct value curves devel-
oped as part of this study are shown in Appendix E.
4.4.4  Time Summary
Preparation for the pilot Delphi study took several weeks.  Creating the one hun-
dred twenty-nine diagrams and rating forms required the largest time commitment.  The 
fi rst round was e-mailed to the students 9 November 2004 and was collected one week 
later.  Two weeks were required to analyze the data and prepare materials for the second 
round.  The second round was sent out on 30 November 2004 and was also collected one 
week later.  One week was required to analyze data from the second round.  From start 
to fi nish, the study took six weeks to complete.  Responses from the second round were 
analyzed, and a summary of the results was sent for the participants to review.
4.4.5  Procedure Evaluation
With respect to the mechanics of the Delphi study, students reported investing an 
average of two and a half hours completing the fi rst round, which translates to a rate of 
approximately one image per minute. Recall that students rated only 80% of the total im-
ages; had they rated all one hundred sixty eight images, approximately three hours would 
have been required.  The second round required approximately an hour and a half to com-
plete, so approximately two hours would have been required to reevaluate all the images.  
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Several students commented that they had diffi culty remaining motivated while 
rating the images and that the process became tedious after an hour and a half or so.  The 
order in which images were presented – which was not the same as they were listed in the 
response spreadsheet – may have exacerbated rater fatigue.  This was a seemingly minor 
oversight which led to some rather pointed comments from the students.  The third round 
of the study was eliminated after it was determined that a signifi cant reduction in variance 
had taken place between the fi rst and second round ratings.  Comments regarding the pile 
rating forms and data summaries were positive.
4.5  Expert Delphi Study
A second, independent set of Pile CI deduct value curves was developed as part 
of the expert Delphi study.  Repair recommendations and associated costs for the thir-
teen defect types and severity levels were also collected.  Chemical attack deduct value 
curves were signifi cantly modifi ed as part of the expert Delphi study.  First, the range of 
relative densities considered for pattern cracks and volume loss curves was expanded to 
more accurately refl ect real-world occurrences.  The original range was erroneously set 
equal to that of corrosion-related spalling, a typically smaller defect.  Second, the effect 
of longitudinal crack length on ratings was explored.  The existing defi nition and severity 
levels appeared to oversimplify the defect by considering cumulative crack width alone.  
With respect to the other area-based defect types, the range of densities considered in the 
Delphi study was expanded slightly to make illustrating defect dimensions on diagrams 
easier.  The expert Delphi study was performed in much the same way as the pilot study; 
only differences are addressed below.
4.5.1  Panelist Selection
The Pile Condition Delphi study included twenty-fi ve experts from government, 
industry, and academia.  Invitations were extended to the eleven members of the origi-
nal expert panel as well as members of the 2004 ASCE Ports and Harbors Committee, 
who represent a cross-section of the waterfront engineering and management commu-
nity.  Individuals who accepted were then asked to recommend three other individuals 
they considered expert in the fi eld.  The names, affi liations, and relevant expertise of the 
experts who volunteered to participate are listed in Table 4.2.  The majority of the experts 
have more than twenty (several more than thirty) years of engineering experience.  The 
combined engineering experience of the twenty experts exceeds 400 years, and their com-
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bined experience evaluating the above- and below-water condition of piles exceeds 250 
years.  Twenty of the twenty-fi ve experts completed both rounds of the study; all fi ve who 
withdrew did so without completing the fi rst round.  
There are no set rules for the number of participants required for a Delphi study.  
Panel size determination has historically been left to the discretion of the organizers of 
the study.  In previous applications of the Delphi method, panel sizes have varied, ranging 
from fi ve or six to hundreds of participants [Turoff, 1970].  In a somewhat related ap-
plication of the Delphi method, a panel size of fourteen was used [Saito, 1988; Saito and 
Sinha, 1991].  In order to broaden participation within the waterfront engineering com-
munity without overly complicating the Delphi study, a maximum panel size of twenty-
fi ve was selected.  
4.5.2  Organization
The organization and execution of the expert Delphi study was similar to that of 
the pilot study, with only a few minor differences.  First, unlike the pilot study, experts 
were given several specifi c, short-answer questions in Round 2 designed to help clarify 
issues raised during Round 1.  The questions were formulated in response to fi rst round 
repair recommendations and comments.  Second, several experts indicated diffi culty 
performing the fi rst round on a computer.  The second round was therefore conducted via 
regular mail; experts received hard-copies of images and entered the ratings on paper.  
The most important difference between the expert and pilot studies, however, was that the 
expert Delphi study was carefully designed to minimize the time investment required by 
the experts.  
Based on requests made by the experts, the two rounds of the expert Delphi study 
were specifi cally designed to take approximately one and a half hours each to complete.  
Assuming an evaluation rate of one image per minute, the imposed time restriction 
limited the number of fi rst round images to ninety per expert.  This meant that each im-
age could only be rated by approximately half of the twenty-fi ve experts.  Therefore, the 
following strategy for randomly dividing the images among the experts for the fi rst round 
was necessary:
1.  Experts were divided into four groups (three groups of six experts and one of 
seven).
2.  Each group was assigned a random selection of sixty-fi ve of the one hundred 
twenty-nine diagrams.
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3.  Each selection included a minimum of two and a maximum of four diagrams 
from each combination of defect type and severity level (i.e., two to four den-
sities from each deduct value curve).
4.  Each group was also assigned all thirty-nine photographs to rate.
The strategy resulted in each expert rating approximately one hundred images in the fi rst 
round, slightly more than an hour and a half worth of rating.
One exception to the fi rst round randomization strategy was made.  Experts with 
signifi cant experience with chemical attack were assigned all forty chemical attack dia-
grams to evaluate.  The complex nature of chemical attack had led to diffi culty in arriving 
at severity level defi nitions during the initial phases of Pile CI development.  The defect 
type and severity level defi nitions were rewritten several times, as described in the previ-
ous chapter.  Efforts were made, as part of the Delphi study, to capitalize on the experi-
ence of those experts who had a broad range of experience with the chemical attack to 
determine if the existing defi nitions were adequate.
4.5.3  Time Summary
The fi rst round was e-mailed to the experts 1 December 2004 with a 13 December 
response deadline.  Due to the holidays, the deadline was extended, and the last response 
arrived in mid-January.  Two weeks were required to analyze the data and prepare ques-
tionnaires for the second round.  Several panelists indicated that fi nding the time to 
complete the study in front of a computer was diffi cult, and they would prefer to carry a 
paper copy with them (especially when traveling).  Round two was therefore performed 
via pencil and paper (i.e., materials were printed and mailed to panelists).  The second 
round was sent out on 17 February 2005 with a 14 March response deadline.  Second 
round responses were also slow in coming, and the last response arrived in early April.  
Approximately two weeks were required to analyze data from the second round.  From 
start to fi nish, the study took approximately four months to complete. 
4.5.4  Data Analysis
4.5.4.1  Outlier Analysis
In order to minimize error in the deduct value curves, rating data collected for 
each round of the Delphi study were checked for outliers and inconsistencies.  First, po-
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tential outliers were identifi ed using Grubbs’ Test [Grubbs, 1969] with a 1% signifi cance 
level.  Potential outliers were then further investigated to determine if they appeared 
inconsistent with the participant’s other ratings; if so, they were removed.  Second, the 
data were evaluated for inconsistent rating trends.  For most defect type and severity level 
combinations, participants assigned lower ratings to larger manifestations of the defect.  
If a participant’s rating data clearly opposed this trend – which was rarely observed – the 
data were removed.  Single ratings that were inconsistent with a participant’s general rat-
ing trend were more commonly observed, and these data were removed.
Few outliers were identifi ed.  In the fi rst round of the expert Delphi study, sev-
enty-six (3.7%) of the 2,060 ratings were removed as outliers.  In the second round, 
sixty-four (3.1%) of the 2,060 ratings were removed.  In both rounds, thirty of the outliers 
were due to one expert’s inconsistent rating trends for two defect types.  Instead of select-
ing specifi c ratings to remove, all of that expert’s ratings for the two defect types were 
removed.  Similar analyses were performed on pilot study data resulting in less than 0.5% 
of the data being removed in either of the two rounds.
4.5.4.2  Evaluation of Consensus
Historically, the level of consensus obtained in Delphi studies has been described 
quantitatively by a reduction in variance among responses between successive rounds 
[Rowe and Wright, 1999].  Common comparisons between fi rst and second round sta-
tistics include:  (1) standard deviations (or variance), (2) inner quartile ranges; and (3) 
changes in average ratings.  Whereas an increase in standard deviations between succes-
sive rounds indicates a lack of consensus, there are no set rules governing how to deter-
mine if a consensus has been reached.  Reductions in standard deviations were observed 
for nearly all ratings; reductions were in excess of 25% for 85% of all ratings.  Only two 
ratings experienced standard deviation increases between the fi rst and second round.  
Consequently, the level of consensus is presented here in relative terms, with lower sec-
ond round standard deviations and inner quartile ranges indicating greater consensus.
Fig. 4.2 illustrates the reduction in standard deviations as a function of average 
ratings (both diagrams and photographs) between the fi rst and second rounds for the pilot 
and expert Delphi studies.  Both studies exhibit overall reductions in rating standard de-
viations.  Greater consensus is evident for higher rated piles, a trend illustrated most dra-
matically by the distribution of pilot study standard deviations.  The decreases in relative 
standard deviations among defect type and severity level combinations between rounds 
of the Delphi study are shown in Fig. 4.3.  Each horizontal line represents the range of 
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standard deviations for the fi ve diagrams (i.e., fi ve densities) used in creating the deduct 
value curve for the specifi ed defect type and severity level combination indicated.  For 
example, the lowermost horizontal line in Fig. 4.3b represents the range (2.8 to 6.2) and 
the median (3.5) of the standard deviations for the fi ve diagrams (densities) used to create 
the deduct value curve for low severity abrasion (defect 1).  Figs. 4.4 and 4.5 illustrate 
similar analyses for interquartile ranges.  Signifi cant reductions in interquartile ranges 
between rounds are observed.  Fig. 4.6 illustrates the change in average panel ratings 
between the fi rst and seconds rounds of both studies.  Overall, changes in average rat-
ings were relatively small.  This fact combined with the reduction in standard deviations 
and interquartile ranges indicates a tendency among participants to position their second 
round ratings closer to fi rst round averages (i.e., come closer to a consensus).  
Referring to Fig. 4.5, Volume Loss resulting from Chemical Attack (defect 5) and 
high severity Transverse Corrosion Cracks (defect 7) exhibit relatively high median stan-
dard deviations.  This was anticipated for chemical attack due to the defects’ complex and 
unpredictable nature; several experts indicated in their second round comments that more 
information – specifi cally, non-destructive evaluation data – was needed in order to make 
a more informed assessment of condition.  In regard to high severity Transverse Corro-
sion Cracks, disagreement regarding the cause of the defect may explain some of the rat-
ing variability.  One expert commented that transverse cracks are “…often the result of a 
single (or a few) ties with insuffi cient cover....”  Wider cracks, however, may have origi-
nally resulted from an overloading event, perhaps suggesting additional or more severe 
damage to the pile.  Both Open Corrosion Spalls (defect 10) and Overload Cracks (defect 
8) exhibit relatively wide ranges of standard deviations.  Less agreement existed among 
experts regarding the impact of larger corrosion spalls on pile condition.  For Overload 
Cracks, agreement was generally mixed and did not correspond to larger manifestations 
of the defect.  
4.5.4.3  Adequacy of Panel Size
The Delphi method facilitates consensus building.  The process incorporates some 
bias – participants initially provide responses solely based on their own judgment, and 
they later modify their responses in light of those of the entire panel.  Similarly, CIs are 
intended to represent the collective judgment of a panel of experienced engineers.  De-
duct value curves typically refl ect the average rating of engineers after intense discussion 
and debate.  Both the Delphi method and CIs acknowledge the idea that two heads can be 
better than one.  
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Fig. 4.2  Decrease in standard deviations of average panel ratings between rounds 
of the Delphi Study:  (a) Pilot Round 1; (b) Pilot Round 2; (c) Expert Round 1; 
and (d) Expert Round 2.
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Fig. 4.4  Decrease in interquartile ranges of panel ratings between 
Rounds 1 and 2 of the Delphi Study:  (a) Pilot Round 1, (b) Pilot Round 2, (c) Expert 
Round 1, and (d) Expert Round 2.
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Fig. 4.6  Changes (absolute) in average panel ratings between Rounds 1 and 2 of:  
(a) Pilot and (b) Expert Delphi Studies.
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The question of whether an adequate number of panelists participated in devel-
oping a CI frequently arises.  This is a diffi cult question to answer, since deduct curve 
development is a collaborative and highly iterative process – not purely based on random, 
independent ratings.  Nonetheless, a rough estimate of the adequacy of the panel size may 
be pursued using simple, statistical calculations.  As suggested by Uzarski [1991], a rea-
sonable goal is to have, on the average, the deduct value associated with a given density 
be within plus-or-minus fi ve points of the true mean deduct value at a 95% confi dence 
interval.  
Table 4.3 shows the required number of panelists determined for each deduct 
value curve.  If second round standard deviations are considered, twenty-fi ve of the 
twenty-six deduct value curves meet the stated goal; only medium severity chemical 
attack resulting in volume loss fails to meet the goal.  If fi rst round standard deviations 
are considered, however, an average of twenty-six panelists would be necessary with as 
many as forty-six for some defect types.  If development of deduct value curves was not 
consensus driven, the argument could be made that a larger number of panelists would be 
necessary. 
4.6  Comparison of Traditional and Delphi Deduct Value Curves
The set of deduct value curves developed as part of the expert Delphi study are 
presented in Appendix F.  With two exceptions, the deduct value curves are based on 
fi nal, second round ratings.  The deduct value curves for Closed Corrosion Spalls and 
Overload Cracks are based on the results of a third, follow-up round of the Delphi study, 
discussed below.  For the purposes of the discussion presented herein, the deduct value 
curves developed using the Delphi method are referred to as the “Delphi” curves, and the 
deduct value curves developed using the method described in the previous chapter are 
referred to as the “traditional” curves.  
Generally, the Delphi and traditional curves are similar; however, some signifi cant 
differences do exist. A qualitative comparison of the Delphi and tradition curves is pre-
sented in the following paragraphs and summarized in Table 4.4. 
4.6.1  “Very Similar” Deduct Value Curves
The Delphi and traditional curves for Abrasion rarely differ by more than fi ve 
points over the entire range of densities (Fig. 4.7a).  The minimum and maximum values 
for each curve are within the same Pile CI rating scale category (refer to Fig. 3.8).  At 
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Table 4.3  
Adequacy of Delphi Panel Size
Round 1 Round 2
Defect
Number
Defect
Name
Severity
Level N
Std. 
Dev. NReq’d N
Std. 
Dev. NReq’d
1 Abrasion Low 10 8.6 11.8 12 3.9 2.3
Medium 10 10.7 17.5 13 4.7 3.4
High 10 11.8 21.5 13 6.3 6.2
3 Chemical Attack: Low 10 11.4 19.8 11 5.4 4.5
Longitudinal Cracks Medium 10 10.8 17.9 11 5.6 4.8
High 10 11.1 19.0 11 6.3 6.0
4 Chemical Attack: NA 10 13.1 26.4 11 4.5 3.2
Pattern Cracks
5 Chemical Attack: Low 10 12.2 22.8 11 8.2 10.4
Volume Loss Medium 10 17.3 46.2 11 8.8 11.9
High 10 13.0 25.9 12 7.1 7.8
Very High 10 14.1 30.4 12 8.0 9.9
6 Longitudinal Low 10 14.5 32.3 12 5.9 5.3
Corrosion Cracks Medium 10 15.0 34.4 12 5.6 4.9
High 10 13.7 29.0 12 5.7 5.0
7 Transverse Low 10 14.4 31.7 11 5.8 5.2
Corrosion Cracks Medium 10 17.0 44.2 11 6.8 7.0
High 10 15.3 35.8 11 8.4 10.9
8 Overload Cracks Low 10 14.1 30.4 12 6.0 5.5
Medium 10 14.0 30.0 12 5.7 5.0
High 10 13.6 28.6 11 6.6 6.7
9 Closed Corrosion Spalls Low 10 13.0 25.8 12 6.8 7.1
Medium 10 11.4 20.0 12 4.9 3.7
High 10 11.6 20.6 12 7.3 8.1
10 Open Corrosion Spalls Medium 10 12.4 23.7 12 8.0 9.9
High 10 11.6 20.6 12 7.3 8.1
11 Closed Overload/ NA 10 11.8 21.4 13 6.1 5.8
Mechanical Spalls
12 Open Overload/
Same as Abrasion
Mechanical Spalls
Note:  Standard deviations (Std. Dev.) are the average of all densities for a combination of defect type and 
severity level.  The required number of raters (NReq’d) is calculated assuming an allowable error or plus or 
minus fi ve points and a 95% confi dence interval.
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larger relative densities, the Delphi curves are fl atter than the traditional curves, which 
show more of an upward slope.  At smaller relative densities, the Delphi curves are less 
distinct between medium and high severities.  Regardless of these minor differences, the 
Delphi and traditional curves yield approximately the same deduct values, rarely differing 
by more than fi ve points.  The same is also true for Closed Corrosion Spalls (Fig. 4.7b).  
Deduct values for Breakage (Fig. 4.7c) are also similar, each pair resulting in the same 
Pile CI rating category.
A signifi cant shortcoming in the existing severity level defi nitions for Closed 
Corrosions Spalls was discovered during the Delphi study.  As illustrated in Fig. 4.8a, the 
second round deduct value curves for Closed Corrosion Spalls show no difference among 
severity levels.  Follow-up questioning of participants regarding their ratings indicated 
that Closed Corrosion Spalls were commonly evaluated by sounding, which consists of 
striking the spall with a metal object and listening to the response.  The technique pro-
vides a simple means of evaluating the extent to which the spall has separated from the 
substrate material.  The severity level defi nitions for Closed Corrosion Spalls were rewrit-
ten to include a qualitative assessment of spall integrity based on sounding, and a follow-
up third round of the Delphi study was executed to generate curves for the new defi ni-
tions.  As shown in Fig. 4.8b, the deduct value curves based on the new severity level 
defi nitions are very similar to the traditional curves.
4.6.2  “Similar” Deduct Value Curves
For Longitudinal Corrosion Cracks (Fig. 4.7d), the Delphi and traditional curves 
are almost identical for medium severity, differing by only a couple points at lower densi-
ties.  The low severity curves start and end at similar deduct values, but the Delphi curve 
runs a little higher than the traditional curve through mid-range densities before leveling 
off.  The high severity Delphi curve is consistently lower than the traditional curve by ap-
proximately fi ve points.
The Delphi curves are more conservative than the traditional curves for Trans-
verse Corrosion Cracks across the entire range of relative densities, as shown in Fig. 4.9a. 
The Delphi curves are between fi ve to eight points greater than the traditional curves 
for medium and high severities, and they are between six to twelve points greater for 
low severity.  Interesting to note, however, is the accentuation of several features of the 
traditional curves for Transverse Corrosion Cracks in the Delphi curves.  Specifi cally, 
the similarity in the traditional curves between medium and high severity deduct values 
at small relative densities is more pronounced in the Delphi curves.  Furthermore, the 
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Fig. 4.7  Traditional and Delphi deduct value comparison:  (a) Abrasion, 
(b) Closed Corrosion Spalls, (c) Breakage, and (d) Longitudinal Corrosion Cracks.
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Fig. 4.8  Traditional and Delphi deduct value curve comparison of Round 2 and follow-up 
Round 3.  Closed Corrosion Spalls:  (a) Traditional and Round 2 curves and (b) Tradition-
al and Round 3 curves.  Overload Cracks:  (c) Traditional and Round 2 curves 
and (d) Traditional and Round 3 curves.
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convergence of the low and medium severity at larger relative densities is more visible in 
the Delphi curves.  
The Delphi curves are also more conservative than the traditional curves for the 
following defect types:  Open Corrosion Spalls and Closed Overload/Mechanical Spalls.  
For Open Corrosion Spalls (Fig. 4.9b), the Delphi curves are similar to the traditional 
deduct value curves at smaller relative densities and more conservative at larger relative 
densities, by between eight and ten points.  With regard to Closed Overload/Mechanical 
Spall (Fig. 4.9c), the Delphi curve increases quickly at smaller relative densities and then 
fl attens; the traditional curve, on the other hand, increases more gradually over the entire 
range of relative densities.  
4.6.3  “Different” Deduct Value Curves
The greatest differences between the Delphi and traditional curves are evident 
in the three forms of Chemical Attack, Overload Cracks, and Open Overload Crack 
with Spall.  First, the exploratory Delphi deduct value curves for Longitudinal Cracks 
resulting from Chemical Attack (Fig. 4.10b) indicate that crack length does affect rat-
ings.  However, there is little distinction between the low and medium severity curves.  
Consequently, two severity levels may be adequate.  Delphi curves are upwards of thirty 
points less conservative than the traditional curves at higher relative densities for Pattern 
Cracks resulting from Chemical Attack (Fig. 4.10cd).  The discrepancy is as pronounced 
for Volume Loss resulting from Chemical Attack (Fig. 4.11).  Even though the range of 
relative densities explored for Pattern Cracks and Volume Loss is more realistic than that 
considered for the traditional curves, the variety of mechanisms covered by chemical at-
tack make pile condition assessment based on visual inspection diffi cult.  
The Delphi curves for Overload Cracks are more conservative than the traditional 
curves.  As illustrated in Fig. 4.8c, the second round deduct value curves show little 
difference among severity levels.  Follow-up questioning of participants regarding their 
ratings indicated that they found it diffi cult to evaluate pile condition based on crack 
width alone – especially when the range of crack widths being compared was so small.  
Diagrams were redrawn to depict a broader range of crack widths, and new curves (Fig. 
4.8d) were generated based on data collected during the follow-up third round of the Del-
phi study.  The new curves show more distinct severity levels, but they tend to be more 
conservative than the traditional curves. 
The Delphi deduct value for the Open Overload Crack with Spall defect is twen-
ty-eight points less conservative than the traditional deduct value.  Recall that this defect 
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Fig. 4.9  Traditional and Delphi deduct value comparison:  (a) Transverse Corrosion  
Cracks, (b) Open Corrosion Spalls, (c) Closed Overload/Mechanical Spalls, 
and (d) Open Overload Crack with Spall.
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Fig. 4.10  Chemical Attack – Longitudinal Cracks: (a) Traditional and (b) Delphi.  
Chemical Attack – Pattern Cracks: (c) Traditional and (d) Delphi.
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Fig. 4.11  Chemical Attack – Volume Loss: (a) Traditional and (b) Delphi.
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type is often indicative of breakage below the water’s surface; typically it is caused by 
vessel impact and found on outboard (i.e., perimeter) piles.  The majority of Delphi study 
participants rated piles exhibiting this defect as “poor,” indicating a “…potentially sig-
nifi cant reduction in structural integrity” (Fig. 3.6).  Whereas the cause of this defect was 
discussed during traditional development meetings, no explanation of cause was pre-
sented in the Delphi study.  Therefore, the less conservative ratings obtained in the Delphi 
study may simply indicate that additional evidence is necessary in order to make a defi ni-
tive condition assessment.
4.6.4  Comparison of Deduct Values Based on Photograph Ratings
Several photographs were rated as part of the Delphi study.  Fig. 4.12a indicates 
good correlation (R2 = 0.87) between ratings assigned to photographs and Pile CI values 
calculated using the Delphi deduct value curves.  Less correlation (R2 = 0.77) is evident 
in Fig. 4.12b, which compares ratings assigned to photographs and Pile CI values cal-
culated using the traditional deduct value curves.  At lower Pile CI values, the Delphi 
ratings tend to be less conservative than the calculated Pile CI.  A review of the data 
indicates that these ratings are associated with the three forms of Chemical Attack and 
Open Overload/Mechanical Spall with Crack (as would be expected from the preceding 
discussion).  Fig. 4.12c shows that by replacing the Pile CI values for these four defect 
types with values calculated using the Delphi curves, better correlation is obtained (R2 = 
0.84).  This observation reinforces the contention that the Delphi deduct value curves for 
Chemical Attack may be an improvement over the traditional curves.
4.6.5 Discussion of Pilot (Student) Delphi Study Results
With respect to the pilot Delphi study, students tended to be less conservative in 
their ratings than the experts, as shown in the deduct value curves in Appendix E.  This 
may be attributed to a general lack of familiarity with the durability implications of 
defects in a marine environment (i.e., a general lack of practical experience).  The Delphi 
curves developed from the student data exhibit similar shapes to those generated by the 
experts; more specifi cally, the slopes of the curves tend to fl atten out at larger densities.  
In addition, the standard deviations and interquartile ranges between rounds did decrease 
signifi cantly, as shown in Figs. 4.2 and 4.3.  
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Fig. 4.12  (a) Pile CI calculated using Delphi deduct value curves vs. average Delphi 
panel rating; (b) Pile CI calculated using traditional deduct value curves vs. average Del-
phi panel rating; and (c) Pile CI calculated using mixed deduct value curves vs. 
average Delphi panel rating.
0
10
20
30
40
50
60
70
80
90
100
0 10 20 30 40 50 60 70 80 90 100
Average Delphi Panel Rating
R2 = 0.84
n = 39
Pi
le
 C
I:
 C
al
cu
la
te
d 
wi
th
 “
Mi
xe
d”
 
de
du
ct
 v
al
ue
 c
ur
ve
s
0
10
20
30
40
50
60
70
80
90
100
Pi
le
 C
I:
 C
al
cu
la
te
d 
wi
th
 “
De
lp
hi
” 
de
du
ct
 v
al
ue
 c
ur
ve
s
0 10 20 30 40 50 60 70 80 90 100
Average Delphi Panel Rating
R2 = 0.87
n = 39
0
10
20
30
40
50
60
70
80
90
100
Pi
le
 C
I:
 C
al
cl
ua
te
d 
wi
th
 “
tr
ad
it
io
na
l”
 
de
du
ct
 v
al
ue
 c
ur
ve
s
0 10 20 30 40 50 60 70 80 90 100
Average Delphi Panel Rating
R2 = 0.77
n = 39
(c)
(a) (b)
93
4.7  Repair Recommendations
In order to supplement defect defi nitions, repair recommendations were collected 
as part of the Delphi study.  Table 4.5 summarizes the two most frequently recommended 
repair alternatives for each defect type and severity level combination.  Repair recom-
mendations are presented concisely; however, some participants provided additional “best 
practice” recommendations as well.  For example, prior to patching a corrosion-related 
defect:  (1) concrete surrounding and behind the corroding reinforcement should be re-
moved; (2) the extent of corrosion should be evaluated to determine if new reinforcement 
should be spliced in; (3) the substrate material should be thoroughly cleaned with fresh 
water; and (4) a compatible patch material should be applied.  
Cost estimates for the various types of repairs were collected but varied signifi -
cantly.  Several participants acknowledged that estimates could not be made without 
knowing the overall scope of the repair project.  Consequently, estimated repair costs are 
not presented.  The following paragraphs discuss repair recommendations with respect to 
the three general defect categories:  (1) chemical attack, (2) corrosion-related defects, and 
(3) overload/mechanical damage.
4.7.1  Chemical Attack
Prior to determining an appropriate repair recommendation for any form of 
chemical attack, the majority of participants recommended that a special inspection be 
performed.  In waterfront engineering, special inspections typically include coring and 
laboratory testing in order to evaluate the cause and rate of deterioration [ASCE, 2001].  
Chemical attack typically affects several similar piles (i.e., piles constructed at the same 
time and from the same materials) at a facility, and special inspections are typically 
performed on a sample of the affected piles.  Appropriate repair recommendations are 
then developed based on the results of the special inspection.  For mild cases of chemical 
attack, epoxy injection may be used simply to protect the reinforcement from corrosion.  
More severe cases may call for structural jacketing or pile replacement.
4.7.2  Corrosion-Related Defects
Strong disagreement among participants regarding the appropriateness of the 
use of epoxy injection in repairing corrosion-related cracking was evident in the second 
round of the Delphi study.  For narrow longitudinal and transverse cracks, participants 
were divided in their recommendations:  patching versus epoxy injection.  Several par-
94
Ta
bl
e 
4.
5 
 
D
el
ph
i S
tu
dy
 R
ep
ai
r R
ec
om
m
en
da
tio
ns
D
ef
ec
t 
N
um
be
r
D
ef
ec
t T
yp
e
Se
ve
rit
y 
Le
ve
l
R
ep
ai
r R
ec
om
m
en
da
tio
n(
s)
Sm
al
le
r D
ef
ec
ts
La
rg
er
 D
ef
ec
ts
1
A
br
as
io
n
Lo
w
D
o 
no
th
in
g
D
o 
no
th
in
g
M
ed
iu
m
D
o 
no
th
in
g 
or
 p
at
ch
*
Pa
tc
h 
or
 n
on
-s
tru
ct
ur
al
 ja
ck
et
H
ig
h
Pa
tc
h 
or
 n
on
-s
tru
ct
ur
al
 ja
ck
et
N
on
-s
tru
ct
ur
al
 ja
ck
et
2
B
re
ak
ag
e
Lo
w
St
ru
ct
ur
al
 ja
ck
et
 (i
f p
os
si
bl
e)
 o
r p
ile
 re
pl
ac
em
en
t
M
ed
iu
m
H
ig
h
Ve
ry
 H
ig
h
3
C
he
m
ic
al
 A
tta
ck
: 
Lo
ng
itu
di
na
l C
ra
ck
s
Lo
w
M
on
ito
r a
nd
/o
r s
pe
ci
al
 in
sp
ec
tio
n.
  R
ep
ai
r o
pt
io
ns
 in
cl
ud
e:
 (1
) e
po
xy
 in
je
ct
 n
ar
ro
w
er
 c
ra
ck
s;
 
(2
) j
ac
ke
t (
st
ru
ct
ur
al
 o
r n
on
-s
tru
ct
ur
al
) o
r p
ile
 re
pl
ac
em
en
t f
or
 w
id
er
 c
ra
ck
s.
M
ed
iu
m
H
ig
h
4
C
he
m
ic
al
 A
tta
ck
: 
Pa
tte
rn
 C
ra
ck
s
N
A
Sp
ec
ia
l i
ns
pe
ct
io
n 
an
d 
m
on
ito
r. 
 R
ep
ai
r o
pt
io
ns
 in
cl
ud
e 
ja
ck
et
s (
st
ru
ct
ur
al
 o
r n
on
-s
tru
ct
ur
al
) 
an
d 
pi
le
 re
pl
ac
em
en
t
5
C
he
m
ic
al
 A
tta
ck
:  
Vo
lu
m
e 
Lo
ss
Lo
w
Sp
ec
ia
l i
ns
pe
ct
io
n 
an
d 
m
on
ito
r. 
 R
ep
ai
r o
pt
io
ns
 in
cl
ud
e 
ja
ck
et
s (
st
ru
ct
ur
al
 o
r n
on
-s
tru
ct
ur
al
) 
an
d 
pi
le
 re
pl
ac
em
en
t
M
ed
iu
m
H
ig
h
Ve
ry
 H
ig
h
6
Lo
ng
itu
di
na
l 
C
or
ro
si
on
 C
ra
ck
s
Lo
w
D
o 
no
th
in
g
Ep
ox
y 
in
je
ct
, p
at
ch
, o
r j
ac
ke
t (
st
ru
ct
ur
al
 o
r n
on
-s
tru
ct
ur
al
)
M
ed
iu
m
D
o 
no
th
in
g,
 e
po
xy
 in
je
ct
, o
r p
at
ch
H
ig
h
Ep
ox
y 
in
je
ct
 o
r p
at
ch
*N
ot
e:
  P
at
ch
 re
fe
rs
 to
 b
ot
h 
tro
w
el
 a
pp
lie
d 
re
pa
irs
 fo
r s
m
al
le
r a
re
as
 a
nd
 sh
ot
cr
et
e 
fo
r l
ar
ge
r a
re
as
.
C
on
tin
ue
d 
on
 n
ex
t p
ag
e
95
Ta
bl
e 
4.
5—
C
on
tin
ue
d
D
ef
ec
t 
N
um
be
r
D
ef
ec
t T
yp
e
Se
ve
rit
y 
Le
ve
l
R
ep
ai
r R
ec
om
m
en
da
tio
n(
s)
Sm
al
le
r D
ef
ec
ts
La
rg
er
 D
ef
ec
ts
7
Tr
an
sv
er
se
 
C
or
ro
si
on
 C
ra
ck
s
Lo
w
D
o 
no
th
in
g,
 e
po
xy
 in
je
ct
, o
r p
at
ch
Ep
ox
y 
in
je
ct
, p
at
ch
, o
r n
on
-s
tru
ct
ur
al
 ja
ck
et
M
ed
iu
m
H
ig
h
Ep
ox
y 
in
je
ct
 o
r p
at
ch
8
O
ve
rlo
ad
 C
ra
ck
s
Lo
w
Ep
ox
y 
in
je
ct
Ep
ox
y 
in
je
ct
, p
at
ch
, o
r j
ac
ke
t (
st
ru
ct
ur
al
 o
r n
on
-s
tru
ct
ur
al
)
M
ed
iu
m
Ep
ox
y 
in
je
ct
 o
r j
ac
ke
t (
st
ru
ct
ur
al
 o
r n
on
-s
tru
ct
ur
al
)
H
ig
h
9
C
lo
se
d 
C
or
ro
si
on
 S
pa
lls
Lo
w
Pa
tc
h
Pa
tc
h 
or
 n
on
-s
tru
ct
ur
al
 ja
ck
et
M
ed
iu
m
Pa
tc
h 
or
 n
on
-s
tru
ct
ur
al
 ja
ck
et
Ja
ck
et
 (s
tru
ct
ur
al
 o
r n
on
-s
tru
ct
ur
al
)
H
ig
h
10
O
pe
n 
C
or
ro
si
on
 S
pa
lls
M
ed
iu
m
Pa
tc
h
Ja
ck
et
 (s
tru
ct
ur
al
 o
r n
on
-s
tru
ct
ur
al
) o
r p
ile
 re
pl
ac
em
en
t
H
ig
h
Pa
tc
h 
or
 ja
ck
et
 (s
tru
ct
ur
al
 o
r n
on
-s
tru
ct
ur
al
)
11
C
lo
se
d 
O
ve
rlo
ad
/
M
ec
ha
ni
ca
l S
pa
lls
N
A
Sp
ec
ia
l i
ns
pe
ct
io
n.
  R
ep
ai
r o
pt
io
ns
 in
cl
ud
e 
do
 n
ot
hi
ng
 o
r n
on
-s
tru
ct
ur
al
 ja
ck
et
.
12
O
pe
n 
O
ve
rlo
ad
/
M
ec
ha
ni
ca
l S
pa
lls
Lo
w
Sa
m
e 
as
 a
br
as
io
n
M
ed
iu
m
H
ig
h
13
O
pe
n 
O
ve
rlo
ad
/
M
ec
ha
ni
ca
l S
pa
ll 
w
ith
 C
ra
ck
N
A
Sp
ec
ia
l i
ns
pe
ct
io
n.
  R
ep
ai
r o
pt
io
ns
 m
ay
 in
cl
ud
e 
ep
ox
y 
in
je
ct
, p
at
ch
, o
r j
ac
ke
t (
st
ru
ct
ur
al
 o
r n
on
-s
tru
ct
ur
al
).
96
ticipants commented that epoxy injection fails to address the underlying problem.  One 
expert went so far as to say that he was “disappointed” to see epoxy injection recom-
mended by his colleagues, while another candidly admitted that these types of repairs are 
essentially based on what the client wants.  For wider cracks, non-structural and structural 
jacketing were recommended.  Participants were in signifi cantly better agreement in re-
gard to closed and open corrosion spalls.  Smaller spalls should be addressed with either 
patching or non-structural jacketing, and larger spalls should be corrected with non-struc-
tural or structural jacketing.
4.7.3  Overload/Mechanical Damage
Less severe cases of overload/mechanical damage, such as abrasions and closed/
open spalls, may be corrected with patching or non-structural jacketing.  Very small, shal-
low defects may even be ignored.  Breakage, regardless of the severity, typically requires 
additional inspection to determine if structural jacketing or pile replacement is the ap-
propriate action.  Similar recommendations were made for the open overload/mechanical 
spall with crack defect.  Unlike transverse corrosion cracks, epoxy injection was recom-
mended by the overwhelming majority of participants for overload cracks.
4.8  Summary
In this chapter, the Delphi method was implemented as a novel approach for 
validating the Pile CI.   The Delphi method is simply a structured, group interaction 
process commonly employed for consensus-building activities.  Whereas the traditional 
approach to deduct value curve development (described in Chapter 3) requires direct 
communication among expert panelists, the Delphi method is based entirely upon anony-
mous, indirect communication.  One of the more salient benefi ts of the Delphi method for 
deduct value curve development/validation is signifi cant time and cost savings, which are 
realized through the elimination of travel and meeting expenses.  In addition, the Delphi 
method enables more participation than could be practically accommodated with face-to-
face meetings.
The primary objective of the Delphi-based validation exercise was to determine 
if the deduct value curves developed using the traditional approach (described in Chapter 
3) could be replicated.  For the majority of defect types, the deduct value curves result-
ing from the Delphi study were similar to those developed using the traditional method.  
However, some discrepancies were observed.  Most notably, it is apparent that the tradi-
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tional curves for the three forms of chemical attack are likely inadequate.  Analysis of the  
Delphi study results also helped identify a signifi cant shortcoming in the defi nition for 
closed corrosion spalls.  
In addition, repair recommendations for the various defect types were obtained 
through the Delphi study, and they are included in the defect defi nitions (Appendix A).  
Based on comments made by the expert panelists, it is evident that there exists disagree-
ment within the engineering community regarding the appropriate use of some types of 
repairs.  This chapter concludes the presentation of research activities associated with 
Pile CI development and validation.  A practical approach to implementing the Pile CI for 
routine inspections is described in the next chapter.
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CHAPTER 5
WATERFRONT INVENTORY AND INSPECTION HIERARCHIES 
AND PILE INSPECTION
Pile-supported waterfront facilities often have more piles than can be practically 
inspected.  In these situations, a subset of the piles is evaluated to obtain an estimate of 
the overall condition of the population.  This chapter describes how sampling strategies 
may be used with the Pile Condition Index (CI).  First, the Waterfront Inventory and In-
spection Hierarchies are presented in the context of the WHARFER Engineered Manage-
ment System (EMS).  Most importantly, these hierarchies provide the necessary frame-
work for the sampling-based inspection strategy presented at the end of the chapter.
5.1  Waterfront Inventory Hierarchy
The Waterfront Inventory Hierarchy1 provides the foundation for the WHARFER 
EMS’s data storage and analytical capabilities.  The inventory hierarchy currently refl ects 
the Navy’s management style.  From top down, it includes the following levels: Installa-
tion Management Claimant (IMC), region, installation, complex, facility, and component, 
as shown in Fig. 5.1.
Each level in the hierarchy serves as a portal for data entry and extraction.  The 
four upper levels of the hierarchy are referred to as “management” levels.  They are used 
for summarizing inventory, condition, and maintenance and repair (M&R) data at and be-
low the facility level.  The facility and component levels are referred to as “engineering” 
levels.  These levels serve as repositories for more detailed inventory, historical work, 
and condition data.
5.1.1 “Management” Levels
The Navy’s infrastructure is divided among eight IMCs.  Congressional funding 
for infrastructure management is distributed by the Navy among the IMCs.  IMCs dis-
tribute their funding among regions, which then pass the funding along to installations.  
Installations spend their funding on M&R activities at the facility level.
1  The Waterfront Inventory Hierarchy  [Keifer et al., 2004] was not developed as part of 
this research effort.
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Fig. 5.1  Waterfront Inventory Hierarchy.
Installation Management Claimant (IMC)
Region
Installation
Complex
Facility
Location unit
Location Function Use
System
Section
Component
Berth
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An example of an IMC is the Commander of the Pacifi c Fleet (COMPACFLT), 
who owns the Navy installations in San Diego, Pearl Harbor, Guam, Japan and other ar-
eas around the Pacifi c Rim.  The Southwest region within COMPACFLT is comprised of 
the following installations: Naval Station San Diego, Naval Air Station North Island, and 
Naval Weapons Station Seal Beach.  
Though not offi cially part of the Navy’s organizational structure, complexes are 
groups of facilities within an installation that either interact with one another or are sim-
ply in the same geographic area.  For example, the Norfolk Naval Shipyard installation 
is divided into the following complexes: the shipyard itself, the St. Helena Annex, and 
the Naval Inactive Ship Maintenance Facility.  Each of these complexes contain multiple 
facilities.
  The four management levels are not necessary for the Pile CI.  They are included 
here to illustrate how condition and inventory data may be rolled-up from the engineering 
levels (described below) and reported for large organizations that oversee many water-
front facilities.
5.1.2 “Engineering” Levels
A facility is defi ned broadly as something that is built to serve a particular pur-
pose.  The Navy has defi ned facility types, which are derived from terms that relate to 
function and physical form.  For example, “general berthing pier” is derived from a func-
tion (general berthing) and a physical form (pier).
The facility level of the hierarchy may be thought of as the boundary between 
management and engineering data.  Inventory, historical work, and condition data are 
tracked at and below the facility level.  These data are statistically summarized or rolled-
up to the upper levels of the hierarchy.  Typically, managers are concerned only with the 
roll-up of facility- and sub-facility-level data; engineers are more concerned with the 
specifi cs.  Components are considered the lowest level of managed items.  Examples of 
components include bearing piles, pile caps, stringers, and so forth.  Component level 
conditions and M&R requirements are rolled-up through the facility level.  
5.1.3 Facility Decomposition
Based on a review of historical Navy inspection reports and management proce-
dures, it was determined that facilities – and the components within them – are managed 
by “function,” “location,” and “use.”  This led to the development of a unique inventory 
101
hierarchy, which consists of three decompositions of the facility level to accommodate 
different management styles and users [Baskin, 2001].  For example, engineers may 
extract defect data pertaining to piles in a facility’s structural system; maintenance staff 
may lookup the condition of mooring hardware in a given area for scheduling routine 
maintenance; and port managers may be interested in the condition of berths.  In order to 
accommodate these demands, facilities are decomposed by function, location, and use.  
The decompositions are independent, and may be used alone or in combination with one 
another.  The decompositions are described in the following paragraphs and diagramed in 
Fig. 5.2.
5.1.3.1  Function
A facility may be thought of as a collection of systems, each performing a unique 
function.  For example, the structural system of a facility provides load carrying support 
while the fendering system provides protection to both the structural system and berthing 
ships.  As shown in Fig. 5.3, several systems are defi ned for waterfront facilities.  
Systems are frequently not uniform.  For example, part of a facility’s struc-
tural system may be fi ll-supported and another part pile-supported.  Similarly, a pier’s 
fendering system may be part timber pile and part pneumatic.  In order to address these 
situations, systems are divided into sections, which are simply homogenous parts of a 
system.  For the facility with two types of structural systems, each should be defi ned as 
a separate section.  “Structural sections” (the main topic of Chapter 6) can be considered 
parts of a structure that act independently.  The following guidelines may be considered 
in defi ning structural sections: 
1.   A change in structural confi guration, type of construction, or cross section.
2.   A change in construction vintage.
3.   The presence of an expansion joint.
4.   A change in bent or station numbering corresponding to a change in structure.
Sections are defi ned independently for all systems within a facility.  For con-
venience, the Navy has associated component types with section types within the 
WHARFER EMS.  Doing so reduces time spent developing inventories.  For example, 
pile-supported structures may have the following component types: decking, pile caps, 
piles, and so forth. 
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Fig. 5.3  System types within the “function” decomposition of a facility.
Facility
Location unit
Location Function Use
System
Section
Component
Berth
Structural Fendering Mooring
Utilities Misc.
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5.1.3.2  Location
Location units are used as geographical references within a facility.  Location 
units are easily identifi able entities of a predominant structure type, and must have a 
single, uniform-addressing scheme (e.g., continuous bent numbering or stationing).  
Location units are used to defi ne the boundaries of structural sections and berths as well 
as the location of components.  In order to specify precise locations, bent numbers, row 
numbers, stations, and so forth are used in conjunction with location units.
5.1.3.3  Use
Typical waterfront structures such as piers and wharves are primarily used for 
berthing vessels.  A berth is simply an area of water at the edge of a wharf or pier re-
served for a vessel.  Facility managers are primarily concerned with the condition of the 
facility adjacent to berths, which directly affects the ability of a facility to accomplish its 
mission.  In addition to being able to divide facilities into sections and location units in 
the WHARFER EMS, facilities can also be divided into berths.
5.2  Inspection Types:  Above Vs. Below Water
Above- and below-water visual inspections remain the most commonly employed 
methods for routinely assessing the condition of waterfront facilities.  Deterioration 
mechanisms and rates can vary signifi cantly by exposure zone, as shown in Fig. 5.4.  
Components that appear to be in excellent condition above water can be heavily deterio-
rated below water, and vice versa [Mehta and Gerwick, 1982].  Consequently, condition 
cannot be adequately assessed based on either an above- or below-water inspection alone. 
Historically, the two types of inspections have been performed independently.  
Since deterioration mechanisms and rates vary by exposure zone, it is not always neces-
sary to perform the inspections with the same frequency.  For example, the submerged 
region of reinforced concrete structures is typically less susceptible to corrosion than the 
tidal and atmospheric regions; however, the submerged region is more susceptible to vari-
ous types of chemical attack.  Moreover, the costs associated with performing below-wa-
ter inspections can be signifi cantly greater than above-water inspection costs.
In addition to being time consuming and costly, comprehensive above- and be-
low-water visual inspections of waterfront facilities can be impractical.  Inspections are 
typically performed by Professional Engineers who evaluate facilities with two primary 
purposes: (1) subjectively rating the condition of the structure; and (2) developing de-
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tailed repair requirements and cost estimates [ASCE, 2001].  Above-water inspections are 
performed on foot and by boat and can be complicated by the presence of impediments 
common to waterfront facility operations, such as mooring hardware, heavy machinery, 
cargo containers, etc.  Below-water inspections are typically performed by commercially-
certifi ed Engineer Divers.  These inspections can be frustrated by the presence of marine 
growth and biofouling that must be cleaned from the surface of a component prior to 
inspection.  In order to expedite the inspection process, methods for assessing the condi-
tion of waterfront facilities should support methods for sampling.  
5.3  Waterfront Inspection Hierarchy
The Waterfront Inspection Hierarchy is the framework within which inspection 
data are recorded and then transformed into CI values.  The hierarchy is designed specifi -
cally for waterfront facilities, and it is fl exible enough for use in performing CI-based 
inspections on a variety of component types – not just piles.  As additional CIs are devel-
oped, the use of a common inspection hierarchy will minimize the complexity of inspect-
ing many component types concurrently.
5.3.1  Inspection Hierarchy Levels
The Waterfront Inspection Hierarchy consists of three levels: inspection sets, 
units, and subunits, as shown in Fig. 5.5.  In the following sections, the roles that each 
level of the hierarchy plays in the calculation of CI values are briefl y described.  The re-
lationship between the inventory and inspection hierarchies is also explained.  Lastly, the 
application of the inspection hierarchy to piles is discussed and illustrated with examples.
5.3.1.1  Inspection Sets
An inspection set may be either: (1) a collection of homogeneous components; or 
(2) a large component that cannot be conveniently inspected in its entirety.  For example, 
a group of interior, conventionally reinforced concrete bearing piles may constitute an in-
spection set.  Similarly, a homogenous group of any component type (e.g., beams, fender 
piles, mooring hardware, or pile caps) may be defi ned as an inspection set.  Equally as 
acceptable as inspection sets are large soffi t or deck components.
Although the applied defi nition of inspection set varies by component type, the 
criteria used in defi ning inspection sets are similar.  Components in an inspection set 
should:
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1.  be of the same material type;
2.  have similar cross-sections;
3.  be of similar construction type;
4.  be of similar vintage;
5.  be exposed to similar loads;
6.  be exposed to similar environments; 
7.  have similar corrosion, deterioration, and impact protection;
8.  share similar repair histories; and
9.  be in similar condition.
Inspection sets need not be contiguous and may be partially or fully submerged.
Supplementary inspection set defi nition guidelines may be defi ned for each com-
ponent type.  Piles in an inspection set should:
1.  be similarly protected, both from fl oating debris and impacts; 
2.  be of similar length; 
3.  have similar end restraint; and
4.  be in similar splash areas.
Decking – presented here for illustrative purposes only – in an inspection set 
should: 
1.  have a similar wearing surface; 
2.  have similar support;
3.  not cross expansion joints; and 
4.  have similar drainage characteristics.  
Inspection sets serve two important purposes.  First, CI values may be reported 
for inspection sets.  By defi nition, inspection sets are homogenous; therefore, they do 
not need to be inspected in their entirety in order to adequately assess their condition.  
Second, within the confi nes of an EMS, inspection sets may be considered equivalent to 
management units for network-level management (refer to section 2.2).
5.3.1.2  Inspection Units
Inspection units are either individual components or subdivisions of a component.  
Similar to inspection sets, the applied defi nition of an inspection unit varies by compo-
nent type.  For example, relatively small components such as piles, pile caps, mooring 
hardware (e.g., bitts, bollard, cleats, etc.), and fendering hardware (e.g., camels, chocks, 
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wales, etc.) may be considered inspection units.  Larger components such as decks, sof-
fi ts, and retaining walls will likely need to be subdivided into smaller units for inspection 
purposes.  
During a CI-based inspection, defect data (e.g., defect type, severity level, and 
quantity) are recorded for inspection units.  If an inspection unit is either entirely above 
water or completely submerged, a single inspection unit CI value is calculated.  If an in-
spection unit is partially submerged, separate inspection unit CI values may be calculated 
for the above-water and below-water regions of the inspection unit.  Typically, only a 
sample of the inspection units in an inspection set need to be inspected in order to calcu-
late the CI value of the inspection set.
5.3.1.3  Inspection Subunits
The time and expense involved in underwater inspections often makes the com-
plete inspection of partially or fully submerged inspection units impractical.  Consequent-
ly, a strategy for sampling within inspection units is required for these component types.  
Inspection subunits are relatively small areas of the inspection unit that are cleaned of 
marine growth and biofouling before inspection.  Defect data (e.g., defect type, severity 
level, and quantity) are recorded for inspection subunits and used to calculate inspection 
unit CI values.  
Strategies for inspecting the submerged regions of structures have recently been 
recommended by the American Society of Civil Engineers (ASCE).  ASCE recommends 
that “bands” along the length of piles be cleaned of marine growth and biofouling prior to 
inspection [ASCE, 2001].  For piles selected for underwater inspection, 12-in.-high bands 
should be cleaned at three elevations: (1) near the mean low waterline; (2) at the mudline; 
and (3) midway between the mean low waterline and the mudline, as shown in Fig. 5.6.  
Near the mean low waterline is where abrasion and impact damage resulting from fl oat-
ing debris and berthing vessels commonly occurs.  Overload damage may be visible at 
the mudline, which is the nearest exposed location to a pile’s point of fi xity.  Abrasion 
damage may also be evident at the mudline.  The middle elevation is inspected to deter-
mine if any additional signs of deterioration, such as chemical attack, are present.  ASCE 
also recommends that at least three sides be cleaned on rectangular piles; at least six sides 
on octagonal piles; and at least three-fourths of the perimeter on round piles.  The recom-
mended sizes and locations of “bands” recommended by ASCE appear to have evolved in 
industry.
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Fig. 5.6  Typical locations of inspection subunits along the submerged length of piles  
[NFEC, 1987].
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5.3.2 Relationship between Waterfront Inventory and Inspection Hierarchies
The Waterfront Inventory and Inspection Hierarchies are related as shown in Fig. 
5.7.  The inventory hierarchy is intended for relatively static data.  A facility’s inventory 
is typically defi ned once and updated only to refl ect major construction activities.  The 
inspection hierarchy is for more transient data.  In addition to both major and localized 
construction activities, deterioration trends or changes in management strategies may 
require the updating of a facility’s inspection hierarchy.  
5.3.3  Application of Inspection Hierarchy to Piles
Upon completion of the inventory defi nition process, piles within a structural sec-
tion are grouped into inspection sets following the guidelines recommended earlier.  Fig. 
5.8 illustrates the general procedure for applying the inspection hierarchy.  Since piles 
and inspection units are equivalent by defi nition, explicit subdivision of the inspection set 
into inspection units is unnecessary.  For any of the piles described in the following three 
examples, inspection subunits can be defi ned following the previously discussed guide-
lines recommended by ASCE [2001].
5.3.3.1 Naval Amphibious Base San Diego, CA
The Naval Amphibious Base in San Diego consists of nineteen berthing piers 
and a fueling pier, as shown in Fig. 5.9.  Piers 1 through 15 were constructed between 
1953 and 1954.  The fi fteen piers, which have identical layouts, are 357 ft. in length by 
13 ft. in width.  They are supported by 48 piles arranged in a grid pattern of 24 bents and 
2 rows.  The piles are 16-in. square precast concrete and are battered outward at a 12:2 
slope [NFESC, 2001].  Fig. 5.10 illustrates the layout shared by all the piers.  Each pier is 
simply classifi ed as a facility and a single structural section.  Based on observations made 
during a cursory inspection of the piers, it was determined that the piles were homog-
enous with respect to the criteria presented earlier.  Consequently, all 48 piles are grouped 
into a single inspection set for each pier.
5.3.3.2 Naval Submarine Base San Diego, CA
Pier 5002 at the Naval Submarine Base in San Diego was originally constructed 
in 1968 and later expanded in 1978, 1984 and 1989.  The pier is classifi ed as one facility 
and divided into seven structural sections, as shown in Fig. 5.11.  Section 3 is actually 
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Fig. 5.8  Flowchart for the application of the Waterfront Inspection Hierarchy.
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Fig. 5.9  Site plan for Naval Amphibious Base San Diego, CA  [NFESC, 2001].
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the original 6,000 square ft., 54 pile pier that was constructed in 1968.  In 1978, the pier 
was increased in size by 9,867 square ft. and 116 piles with the addition of Section 4.  In 
1984, the pier was again increased in size by 81,875 square ft. and 492 piles with the ad-
dition of Sections 1, 2, 5, and 6.  The most recent expansion of the pier took place in 1989 
with a 24,634 square ft. and 194 pile addition (not shown) designed to house a structural 
steel repair facility with overhead cranes, a high bay area, and heavy industrial equip-
ment.  In its current state, the pier is 122,376 square ft. in area and is supported by 856 
precast prestressed piles [NFESC, 1996].  Based on a review of the types of bearing and 
batter piles in each section, piles are grouped to form the inspection sets summarized in 
Table 5.1.  Whether additional inspection set defi nition is required should be determined 
at the time of inspection.
Section 1 is supported by 20-in. square, prestressed concrete bearing and batter 
piles.  No fewer than two inspection sets are therefore required to account for all the bear-
ing and batter piles.  The same logic may be applied in defi ning inspection sets for Sec-
tions 2, 3, 4, and 7.
Similar to the previously considered sections, inspection sets are defi ned for the 
bearing and batter piles in Section 5.  However, the piles in Section 5 have different 
cross-sections, square and octagonal.  There are 31, 24-in. octagonal and 62, 20-in. square 
bearing piles; therefore, two inspection sets are defi ned to account for the 93 bearing 
piles.  Similarly, there are 14, 20-in. square and 34, 24-in. octagonal batter piles.  This 
results in the defi nition of two inspection sets to account for the 48 batter piles.  The same 
logic may be applied in defi ning inspection sets for Section 6.
5.3.3.3 Naval Weapons Station Earle, NJ
Pier 3 at Naval Weapons Station Earle, NJ was originally constructed in 1944 as 
an ordinance loading platform and general berthing.  Pier 3 is approximately 1,290 ft. 
long by 136 ft. wide.  It consists of a concrete deck supported by timber piles and pile 
caps.  There are a total of 6,194 piles supporting the pier.  The support structure is ar-
ranged into 145 bents spaced 9 ft. on center.  Each bent consists of 36, 12-in. diameter 
vertical piles.
The pier is divided into fi ve structural sections of nearly equal size separated by 
expansion joints and identifi ed as A-1, A-2, A-3, A-4, and A-5 from south to north, as 
shown in Fig. 5.12.  In order to protect the wooden substructure from fi re, fi re walls were 
constructed every 14 bents or so.  The structural sections contain approximately 29 bents 
each [NFESC, 2000]. 
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Table 5.1  
Inspection Sets Defi ned for Pier 5002 at Naval Submarine Base San Diego, CA
Section
Construction 
Date
Inspection 
Set Component Type Pile Cross-Section
Quantity
of Piles
1 1984 1 Bearing Piles 20-in. Square 29
2 Batter Piles 20-in. Square 28
2 1984 1 Bearing Piles 20-in. Square 66
2 Batter Piles 20-in. Square 48
3 1968 1 Bearing Piles 16-in. Octagonal 16
2 Batter Piles 16-in. Octagonal 38
4 1978 1 Bearing Piles 18-in. Octagonal 64
2 Batter Piles 18-in. Octagonal 52
5 1984 1 Bearing Piles 20-in. Square 62
2 Bearing Piles 24-in. Octagonal 31
3 Batter Piles 20-in. Square 14
4 Batter Piles 24-in. Octagonal 34
6 1984 1 Bearing Piles 20-in. Square 62
2 Bearing Piles 24-in. Octagonal 50
3 Batter Piles 20-in. Square 20
4 Batter Piles 24-in. Octagonal 52
7 1989 1 Bearing Piles 24-in. Octagonal 102
2 Batter Piles 24-in. Octagonal 92
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Fig. 5.12  Sectioning at Pier 3/Trestle 3 at Naval Weapons Station Earle, NJ 
[NFESC, 2000].
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In 2000, all of the piles were inspected and rated subjectively as exhibiting either 
“minor,” “moderate,” “major,” or “severe” damage.  A “severe” rating means that the pile 
has lost more that 75% of its cross-sectional area.  Based on the results of a subjective 
condition assessment, the following is evident:  (1) 11% of the piles adjacent to a fi rewall 
and 12% of the outermost piles along the perimeter were rated “severe” compared to 1% 
of the interior piles not adjacent to a fi rewall.  A possible reason for the increased “se-
vere” ratings along the fi rewall is that those piles are exposed to more frequent wetting 
and drying cycles due to splash than other interior piles.  The higher frequency of “se-
vere” ratings among the perimeter piles may be that they are more susceptible to impact 
damage from berthing vessels.  Fig. 5.13 illustrates the observed conditions for Section 
A-1.  Based on the observations identifying different exposure zones and the different 
types of piles present, inspection sets were defi ned as shown in Table 5.2.
5.4  Pile Inspection
5.4.1  Inspection Guidelines
The fi rst step in pile inspection is the application of the Waterfront Inventory and 
Inspection Hierarchies to the facility to be inspected.  At a minimum, the facility must 
be divided into structural sections, and the piles within each structural section must be 
grouped into inspection sets.  In addition, consistent subunit defi nitions should be estab-
lished for below-water inspection so that observed defects may be located in the future.  
Ideally, structural sections, inspection sets, and pile locations should be identifi ed on a 
map.
The type, severity, and quantity of all visible defects must be recorded for each 
pile inspected.  Measuring devices, such as tape measures, rulers, and crack meters, 
should be used for accurately determining the size and severity level of observed defects.  
Inspection data collected for an individual pile may be entered on an inspection sheet, 
like the one shown in Fig. 5.14.  The Pile Defect Manual, presented in Appendix A, con-
tains the defect defi nitions necessary for performing a Pile CI inspection. These defi ni-
tions should be available during inspections.  Based on the collected inspection data, a 
Pile CI value is calculated for each pile inspected, as described in Chapter 3.
Data from both above- and below-water inspections are necessary to calculate a 
Pile CI.  Whenever possible, these inspections should be coordinated so that all required 
data may be collected and analyzed together.  Above-water inspections should be per-
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Fig. 5.13  Layout of section A-1 of Pier 3/Trestle 3 at Naval Weapons Station Earle, NJ [NFESC, 2000].
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Table 5.2  
Inspection Sets Defi ned for Pier 3 Naval Weapons Station Earle, NJ
Section
Inspection 
Set Component Type
Quantity
of Piles Location
A-1 1 Bearing Piles 27 Perimeter/North
2 Bearing Piles 27 Perimeter/South
3 Bearing Piles 68 Firewall
4 Bearing Piles 850 Interior
5 Batter Piles 172 Interior
A-2 1 Bearing Piles 29 Perimeter/North
2 Bearing Piles 29 Perimeter/South
3 Bearing Piles 68 Firewall
4 Bearing Piles 918 Interior
5 Batter Piles 200 Interior
A-3 1 Bearing Piles 30 Perimeter/North
2 Bearing Piles 30 Perimeter/South
3 Bearing Piles 68 Firewall
4 Bearing Piles 952 Interior
5 Batter Piles 204 Interior
A-4 1 Bearing Piles 29 Perimeter/North
2 Bearing Piles 29 Perimeter/South
3 Bearing Piles 68 Firewall
4 Bearing Piles 918 Interior
5 Batter Piles 200 Interior
A-5 1 Bearing Piles 30 Perimeter/North
2 Bearing Piles 30 Perimeter/South
3 Bearing Piles 34 Perimeter/East
4 Bearing Piles 34 Firewall
5 Bearing Piles 952 Interior
6 Batter Piles 204 Interior
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Fig. 5.14  Example Pile CI inspection form.
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formed at mean low water, when the maximum length of the pile is out of water.  Be-
low-water inspections may hindered by marine growth, which must be removed before 
inspecting the surface.  When this is the case, the ASCE guidelines presented earlier for 
cleaning bands of the pile at three locations may be applied.  When applying these guide-
lines, the extent and severity of observed defects must be determined; doing so may result 
in additional cleaning if large defects are observed.
5.4.2  Sampling Strategy
Pile inspections may be performed either for project- or network -level manage-
ment purposes.  Project-level inspections require a comprehensive inspection effort in or-
der to obtain detailed repair quantities for preparing bid documents for contractual repair 
work.  Network-level inspections require a lesser effort; enough piles should be inspected 
in order to obtain an adequate assessment of relative conditions and repair requirements 
among inspection sets, structural sections, and facilities.  
The goal of sampling is to obtain a relatively accurate assessment of the average 
Pile CI value of an inspection set.  The sampling strategy presented herein is applicable 
to either network- or project-level inspections.  It serves to minimize the number of piles 
inspected at a facility – not the type or quantity of inspection data that is recorded for a 
pile.  As with all CI sampling strategies, the Pile CI strategy is completely optional.
The following discussion illustrates how a sampling strategy similar to that devel-
oped for pavement inspection [Shahin et al., 1976] may be conveniently applied to piles, 
when used in conjunction with the Waterfront Inventory and Inspection Hierarchies.  This 
strategy has not been tested with the Pile CI; however, related research shows that similar 
pile sampling strategies have been used successfully in the past [Brackett, 1986; Buslov 
et al., 2001].
5.4.2.1  Determining the Number of Piles to Inspect
The goal of sampling is to determine a relatively accurate estimate of the inspec-
tion set Pile CI value (Pile CIInsp. Set).  By defi nition, a “true” Pile CIInsp. Set value is simply 
the arithmetic average of the Pile CI values of all piles within the set.  Fig. 5.15 illustrates 
the steps in determining the total number of piles to inspect and which piles to inspect, as 
discussed in the next two sections.  The number of piles necessary to inspect in order to 
achieve an adequate estimate of the average Pile CI of an inspection set depends on:
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Fig. 5.15  Flowchart for developing a sampling plan.
For each inspection set
Determine number of piles to
inspect (Eqns. 5.1 and 5.2)
Determine which piles to inspect
Use systematic
sampling. Determine
sampling interval and
randomly select a pile
in the first interval as
the starting point.
Make appropriate
assumptions for
standard deviation
and allowable error.
Inspect piles
Calculate Pile CI for each
inspected pile.  Determine
inspection set Pile CI and
standard deviation.
Standard deviation
less than assumed? No
Recalculate number of
piles to inspect,
randomly select needed
piles, inspect piles.
Yes
Inspection Complete
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1.  How large an error (e) can be tolerated in the estimate of the mean Pile CIInsp. 
Set value.
2.  The desired probability that the Pile CIInsp. Set estimate will be within this limit 
of error.
3.  An estimate of the variation (σ) of the Pile CIInsp. Set estimate from one pile to 
another within the inspection set.
4.  The total number of piles (N) in the inspection set.  [Adapted from Shahin et 
al., 1976]
Assuming that the average Pile CIInsp. Set is normally distributed and that the num-
ber of piles in the inspection set is large, the following expression, based on an assumed 
95% confi dence interval, can be used for estimating the number of piles (n) needed to 
inspect within an inspection set:
 2
2
e
σ4n   Eqn. 5.1
 
 Where:
 n =  number of piles required to inspect
 σ = standard deviation of surveyed piles
 e =  allowable error in determining the Pile CIInsp. Set
If the number of piles calculated using Eqn. 5.1 exceeds approximately 10% of 
the total number of piles in the inspection set, the following expression [Snedecore, 1968; 
Shahin et al., 1976] provides a revised, smaller estimation of the number of piles required 
to survey.
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§  Eqn. 5.2
 
 Where:
 n’ =  number of piles required to inspect
 N = number of piles in the inspection set
 σ = standard deviation of surveyed piles
 e =  allowable error in determining the Pile CIInsp. Set
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Eqns. 5.1 and 5.2 assume that the standard deviation and allowable error in de-
termining the Pile CI are known.  Currently, insuffi cient data are available to provide an 
accurate estimate the standard deviation expected during a Pile CI inspection.  Therefore, 
the initial estimate of standard deviation should be based on local experience.  The allow-
able error in determining the Pile CI can be assumed to be plus or minus fi ve points.
5.4.2.2  Determining Which Piles to Inspect
Piles should be randomly sampled  to ensure that an unbiased estimate of the Pile 
CIInsp. Set is determined.  When used in conjunction with the concept of inspection sets, 
the most practical method for pile sampling is “systematic” sampling [Brackett, 1986].  
With systematic sampling, piles are selected at evenly spaced intervals over the range of 
the piles.  As shown in Fig. 5.16a, the fi rst pile is selected at random from the fi rst inter-
val, and the size of the interval between piles is determined by dividing the total number 
of piles in the inspection set by the number of piles to be inspected.  Other sampling 
techniques that have been used in pile inspection include “pure” random sampling (Fig. 
5.16b) and “cluster” sampling (Fig. 5.16c).  Systematic  sampling is typically easier to 
execute than pure random sampling.  Following a systematic inspection plan in the fi eld 
– especially during below-water inspections – reduces the amount of time spent locating 
piles.  Though arguably easier to execute than systematic sampling in some situations, 
cluster sampling does not yield as well a distributed sample of the inspection set.
Piles that are in signifi cantly better or worse condition than the rest of the piles in 
an inspection set are sometimes encountered.  For example, a broken pile may be ob-
served in an otherwise defect-free inspection set.  Similarly, a pile in excellent condition 
(e.g., recently replaced) may be found in an older, severely deteriorated inspection set.  
Regardless of whether these piles were randomly selected for inspection, there may be 
a compelling “engineering” reason to include them in the inspection.  Whereas a broken 
pile may pose a safety concern and require immediate repairs, a pile in excellent condi-
tion should be excluded in developing M&R plans.  These piles, referred to as “addition-
al” piles, may be included in the Pile CIInsp. Set calculation using the following equation 
[Shahin et al., 1976].
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Fig. 5.16  Pile inspection sampling techniques.
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(c)  “Cluster” Sampling
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 ARSetInsp. CIPileN
ACIPile
N
ANCIPile   Eqn. 5.3
 Where:
 N = number of piles in the inspection set
 Α = number of additional piles
 Pile CIR =  arithmetic average Pile CI of randomly selected piles
 Pile CIA =  arithmetic average Pile CI of additional piles
The use of additional sample units provides a convenient and practical way of 
tracking atypical piles without overly biasing the Pile CIInsp. Set.  Additional piles may be 
added during inspection at the discretion of the inspector.  If all of the piles in an inspec-
tion set are inspected, there are no “additional” piles.  It is recommended that all piles 
– not just those randomly selected – be evaluated during both above- and below-water 
inspections to identify any additional piles.
5.4.3  Special Situations
As stated earlier, above- and below-water inspections should be performed at the 
same time so that inspection data may be analyzed together.  In practice, however, this is 
not always possible, and the following scenarios may arise: (1) either an above- or be-
low-water inspection takes place; or (2) both types of inspections take place, but different 
piles are inspected for each inspection.  If the fi rst scenario should occur, Pile CIInsp. Set 
values should be qualifi ed as either an above- or below-water inspection interim value.  
Should the second scenario occur, Pile CIInsp. Set values should be calculated independent-
ly for each inspection, and the overall Pile CIInsp. Set should be conservatively set as the 
lower of the two values.
5.5  Summary
The Waterfront Inventory and Inspection Hierarchies were presented in this chap-
ter.  In order to accommodate different management approaches, the inventory hierarchy 
enables component-level data (e.g., inventory and condition) to be analyzed based on a 
component’s function, location, or use within a facility.  Furthermore, “Structural Sec-
tions,” the main topic of the next chapter, were defi ned within the context of the inven-
tory hierarchy.  The inspection hierarchy provides a common language – CI independent 
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– for performing above- and below-water, component-level inspections.  The inspection 
hierarchy is fl exible enough for use with other waterfront component type CIs.
A sampling strategy for Pile CI inspections was also presented in this chapter.  
Intended for use in conjunction with the inspection hierarchy, the sampling strategy repre-
sents a synthesis of traditional CI-based inspection techniques and practical consider-
ations (i.e., above- vs. below-water inspections) that must be considered when inspecting 
waterfront facilities.  In order to facilitate sampling, the concept of a Pile CIInsp. Set was 
developed.  Techniques for randomly selecting piles for inspection as well as a strategy 
for accounting for atypical piles (i.e., piles in either unusually good or unusually poor 
condition) were also presented.  This approach to performing pile inspections may be 
used with other waterfront component type CIs in the future.  In order to illustrate how 
the Pile CI may be easily rolled-up with other CIs for management-level condition as-
sessments, a road map for the development of a “Structural Section Rating” is presented 
in the next chapter.
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CHAPTER 6
ROAD MAP FOR THE DEVELOPMENT OF A 
STRUCTURAL SECTION RATING
The long-term goal for the Navy’s waterfront facility management system is to 
have a suite of Condition Indexes (CI) for measuring the condition of the most common 
component types.  Each CI will consist of methods and procedures appropriate for in-
specting and assessing the condition of a component type.  The CIs will enable facility 
condition to be reported in different ways as logical roll-ups (or aggregations) of compo-
nent type conditions, thus providing managers with more concise means for assessing and 
comparing relative conditions.
Several of the Navy’s modern facilities are (at least in part) pile-supported, con-
crete structures.  Piers are one of the most common types of pile-supported facilities.  
They come in a variety of sizes and they primarily support vessel berthing activities.  The 
purpose of this chapter is to describe the concept for a simple, CI-based “Structural Sec-
tion Rating” for concrete piers and a road map for its development.
6.1  Structural Section Rating Concept
Given the right audience, reporting CI data for individual components can be ef-
fective.  For example, Fig. 5.13 (from the previous chapter) is an excerpt from a compre-
hensive report detailing the condition of every pile at a facility.  This report – combined 
with similar reports for every other component type at the facility – may be useful for 
maintenance engineers in developing detailed maintenance and repair (M&R) plans and 
schedules.  However, it is too detailed for upper-level engineers and managers, who are 
responsible for assessing relative conditions and M&R needs within – as well as across 
– facilities.
A more succinct and commonly employed way to report facility condition for 
management purposes is to present an overall assessment of each structural section 
[ASCE, 2001].  Recall from Chapter 5 that a structural section is a uniform, readily 
identifi able part of a facility that functions independent of the rest of the facility.  As a 
less detailed alternative to reports similar to Fig. 5.13, consider Fig. 6.1, which shows an 
overall rating for each structural section at a facility.  
The proposed rating is intended to provide an overall assessment of condition for 
a structural section based on the CI values of its constituent component types.  Similar 
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to the CI values upon which it is based, the Structural Section Rating should model and 
quantify engineering judgment.  The rating is intended to provide a more objective as-
sessment of the operational condition and physical integrity of structural section; and, in 
addition, it should indicate of the level of remedial action needed for the section.  
6.2  Structural Section Rating Road Map
As shown in Fig. 6.2, the following steps are proposed for developing a Structural 
Section Rating for concrete piers:  (1) Identify predominant structure confi gurations and 
constituent component types; (2) Develop CIs for each component type; and (3) Develop 
a function that aggregates component type CI values into an overall Structural Section 
Rating.
6.2.1  Structure Confi gurations and Continued CI Development
Concrete pier design has evolved signifi cantly over the preceding several de-
cades.  For example, older concrete piers (circa 1940s) were typically built using a “bent 
and bay” confi guration.  In this type of confi guration, bents are simply rows of piles tied 
together with a pile cap, and bays refer to the decking spanning between bents.  Modern 
piers tend to be more “engineered,” and piles may be connected directly to a more elabo-
rate deck structure – circumventing the need for bents (and pile caps) completely.  Older 
concrete piers also tended to make use of batter piles (i.e., piles driven at an angle) for 
resisting lateral loads.  Newer piers tend to forego the use of batter piles, instead relying 
on the more elaborate pile-to-deck frame action to withstand these loads.
The Structural Section Rating should be applicable to both older and newer 
structural section confi gurations.  In developing the Structural Section Rating for concrete 
piers, it may be convenient to make a broad distinction between structural sections based 
on a bent and bay confi guration and those based on a more modern, pile-to-deck con-
fi guration.  The two confi gurations could be evaluated separately during development to 
determine if, in fact, different procedures are necessary for rolling-up constituent compo-
nent type conditions.
Before developing a Structural Section Rating for concrete piers, additional CIs 
must be developed for several component types, these include:  
1.  Deck, topside
2.  Deck, soffi t
3.  Pile caps
4.   Beams 
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Fig. 6.2  Road map for development of a Structural Section Rating for concrete piers.
Identify Predominant
Structure Configurations
Identify Constituent
Component Types
Function
Adequate?
No
Yes
Finalize
Structural Section Rating
Develop
Condition Indexes
Determine Relative Importance of
Constituent Component Types and
Aggregation Function
For Each Configuration For concrete piers:
(1) Deck, Topside
(2) Deck, Soffit
(3) Piles
(4) Pile Caps
(5) Beams
Two approaches:
(1) Direct, Numerical Ranking
(2) Direct Rating
For concrete piers:
(1) Bent and bay
(2) Modern (i.e., frame action)
Field validation
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The CI values for these component types (in addition to piles) will be rolled-up to arrive 
at the Structural Section Rating.
6.2.2  Rolling-Up CI Values
There are several approaches [Bailey et al., 1989; Uzarski, 1991] to rolling-up 
component type CI values into an overall rating, they include:
1.  Lowest CI value
2.  Straight average of CI values
3.  Weighted average CI value based on relative importance of component types
4.  Weighted average CI value based on relative CI values of component types
For waterfront structures, two considerations suggest that the third approach may be best.  
First, the level of effort required to repair either fully or partially submerged components 
is signifi cantly greater than performing similar repairs to above water components.  For 
example, jacketing the deteriorated, submerged surfaces of several concrete piles requires 
a signifi cantly greater level of effort than overlaying a comparable area of topside deck.  
Second, damage to substructure (below deck) components may have a more direct impact 
on the condition of superstructure components than vise versa.  For example, heavily 
deteriorated piles may result in overstressing or failure of supported pile caps, beams, and 
deck; whereas a heavily deteriorated deck surface has little to no impact on the underly-
ing piles.  However, the operational condition of a structure must also be considered.  A 
deteriorated deck may, in fact, more adversely affect the daily use of a structure than 
several deteriorated piles. Both considerations should be taken into account in assessing 
the overall condition of a structure.
The key to developing the Structural Section Rating is determining the relative 
importance of constituent component types when assessing the overall condition of a 
structural section.  A weighted average, based on the relative importance of constituent 
component types, may then be taken to calculate the Structural Section Rating.  In order 
to determine the relative importance of constituent component types, two alternative de-
velopment approaches are presented: (1) direct, numerical ranking, and (2) direct rating.
6.2.2.1  Direct, Numerical Ranking
Direct, numerical ranking is a simple, straightforward approach for determin-
ing the weights that expert waterfront engineers think they place on different component 
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types when assessing the overall condition of a structure.  With this method, a panel of 
experts is asked to rank (on a scale from 0 to 100) the importance of each constituent 
component type in their assessment of the overall condition of the structure.  Consensus 
ranks from the panelists are then easily normalized and used directly as coeffi cients in 
formulas for calculating Structural Section Ratings. This approach may be executed dur-
ing meetings with a panel of experts or remotely, via a Delphi study.
6.2.2.2  Direct Rating
Direct rating is the same approach used in developing the deduct value curves 
for the Pile CI.  Several different scenarios (i.e., case studies) are created for a structural 
section, each depicting different CI values of constituent component types.  A panel of 
experts then arrives at a consensus rating for each scenario.  A regression analysis is 
performed on the consensus ratings to determine the relative importance (i.e., regression 
coeffi cients) of the component types.  In the end, each confi guration has a unique for-
mula for rolling up its constituent component type CI values.  This approach may also be 
executed during meetings with a panel of experts or remotely, via a Delphi study.  Direct 
rating requires signifi cantly more time for preparation and execution than direct, numeri-
cal ranking.
6.2.2.3  Validation
Validation of computed Structural Section Rating values (developed from either 
approach) is then accomplished by comparing them to ratings obtained through in-the-
fi eld rating sessions of real structures.  This type of validation, however, may be cost 
prohibitive.  It would require the prior completion of comprehensive CI inspections and 
the coordination of above-water and (at a minimum) from-the-boat evaluations of sev-
eral structures by expert panelists.  As a preliminary approach to validation, the relative 
importance of component types could be determined using both the direct, numerical 
ranking and direct rating approaches.  This may help identify potential problems with the 
Structural Section Rating and compel experts to more thoroughly evaluate their logic in 
assigning overall structural section ratings.
As a point of interest, two existing CI-based ratings roll-up component type CI 
values based solely on relative CI values, the fourth approach previously listed in sec-
tion 6.2.2 [Bailey et al., 1989; Uzarski, 1991].  It is not anticipated that this approach will 
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work for waterfront structures.  Nonetheless, collected data should be evaluated to deter-
mine if such an approach may be effective.
6.3  Assessing Localized Damage
In rolling up condition data, there exists a necessary sacrifi ce of detail for greater 
simplicity.  The Structural Section Rating is intended to provide an overall assessment of 
condition based on constituent component type CI values.  Therefore, instances of small, 
localized damage will not result in signifi cantly lower Structural Section Ratings – even 
though they may present serious life safety concerns.  This limitation is common to all 
CIs, and it must be recognized by individuals interpreting the data.  Standard practice 
with CI inspections is to document any serious observed defects and report them sepa-
rately.
Due to the susceptibility of waterfront facilities to extreme loading events, the 
development of a Localized Damage Index may be benefi cial.  Based on observations 
made during Pile CI fi eld validation and follow-up conversations with Navy staff and 
contractors, it is apparent that the relative seriousness of localized damage (after a struc-
tural evaluation ensures that the damage does present a life safety concern) is determined 
primarily on whether it affects the daily operation of the facility.  A damage index could 
simply be based on the observation of certain defects (e.g., Breakage) either alone or in 
close proximity to one another.  As part of a waterfront facility management system, a 
damage index could supplement Structural Section Ratings and CI values by providing a 
simple way to track the location of more serious defects and, perhaps, prioritize repairs.
6.4  Future Section Ratings
In looking beyond the development of a Structural Section Rating for concrete 
piers, Table 6.1 lists several other structural sections common to different types of water-
front facilities.  Also listed in Table 6.1 are typical constituent component types.  Before 
developing additional CIs and Structural Section Ratings, a review of the Navy’s water-
front facilities is necessary to identify the most prevalent structure and component types.  
In addition, the most common confi gurations and materials used for constructing these 
structures should be identifi ed.  Future CI and Structural Section Rating development ef-
forts should then be prioritized accordingly.  The road map could easily be used in devel-
oping additional section ratings.
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Table 6.1  
Common Waterfront Facility Systems, Section Types, 
Confi gurations, and Component Types [Pendleton, 2003]
System Section Type
General 
Confi guration
Prominent 
Component Types
Structural Pile-Supported Pier Beam, Bullrail (Curb), Bracing, Deck (Soffi t 
and Topside), Pile, Pile Cap, Retaining Struc-
ture, Stringer, Wall, etc.
Wharf
Dolphin
Boathouse
Marine Railway
Solid-Faced Bulkhead Backfi ll, Bullrail (Curb), Cap, Deadman, Deck, 
Pavement, Relieving Platform, Sheet Pile, Tie-
Back (Bolt and Rod), Wale, etc.
(Fill-Supported) Seawall
Quaywall
Dolphin (Caisson)
Floating Pier/Dock Bullrail (Curb), Deck (Soffi t and Topside), 
Float, Pile (Guide), Ramp, etc.Breakwater
Rubble Mound/ Breakwater Armor Unit, Backfi ll, Pavement, Slope, etc.
Armor Unit Shore Protection
Groin/Jetty
Caisson/Gravity Breakwater Beam, Bullrail (Curb), Bracing, Caisson, Deck 
(Soffi t and Topside), Wall, etc.
Fendering Discrete Unit Discrete Fender Unit (side-loaded, buckling, 
end-loaded), Floating Fender (Foam-Filled, 
Pneumatic), etc.
Continuous Unit Camel, Chock, Pile (Fender), Wale, etc.
Combination All
Mooring NA NA Bitt, Bollard, Capstan, Cleat, Hook, Pile, etc.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS
7.1  Conclusions
The primary objective of this thesis was to develop a more objective and repeat-
able method for assessing the condition of concrete piles.  This was successfully accom-
plished with the development of the Pile Condition Index (CI).  The Pile CI takes routine 
inspection data and transforms them into a standardized numeric rating, which indicates 
both the physical integrity of the pile and the level of remedial action necessary to correct 
any observed defects.  The transformation of defect data into a numeric rating is accom-
plished using a weighted deduct-density model.  A direct rating approach was used in 
developing the model, which is calibrated to produce values similar to average consensus 
ratings assigned by a panel of expert waterfront engineers.
The Delphi method was successfully employed as a novel approach to further 
validate the weighted deduct-density model.  Results from the study generally support the 
model well.  Results obtained through limited fi eld verifi cation indicate good correlation 
between computed Pile CI ratings and average expert panel fi eld ratings.  Surprisingly, 
the Delphi method identifi ed some minor defi ciencies in the model that had been over-
looked during development and fi eld verifi cation.
In order to accommodate the application of the Pile CI to large facilities with 
more piles than can practically be inspected, recommendations for using the index with a 
sampling strategy are provided.  The Waterfront Inspection Hierarchy was developed to 
support the recommended sampling strategy.  It provides a convenient way to organize 
piles for inspection.  In addition, the recommended inspection hierarchy complements 
the existing WHARFER Engineered Management System (EMS) Waterfront Inventory 
Hierarchy, and may be easily used within the system.
Lastly, a simple road map for the development of a Structural Section Rating for 
concrete piers is provided.  The Structural Section Rating is intended to show how (in the 
future) CI values for different component types found at concrete piers may be rolled-up 
into an assessment of overall condition.  The proposed Structural Section Rating would 
provide engineers and managers with a convenient, standardized method for evaluating 
relative conditions within and across facilities.  The road map may be easily applied in 
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developing CI-based roll-ups of condition for other structural system types (i.e., not just 
piers) and other systems (e.g., fendering and mooring) as well.
7.2  Recommendations
7.2.1  Pile CI Implementation
Good correlation between computed Pile CI values and expert panel fi eld ratings 
obtained thus far suggest that the Pile CI may be implemented for routine pile inspec-
tions.  It is, however, recommended that the traditional deduct value curves for the three 
forms of chemical attack be replaced by the expert Delphi curves, as suggested in Chapter 
4.  The Delphi deduct value curves for these defects represent more practical densities as 
well as the consensus of a larger group of experts familiar with chemical attack.  
7.2.2  Additional Field Validation
Field validation efforts should be expanded to include facilities in different coastal 
regions and climates to ensure the robustness of the existing defect defi nitions, weighted 
deduct-density model, and multiple deduct value correction procedure.  Preferably, 
validation efforts would coincide with existing routine inspections.  Additional expert 
panelists could then easily be included in the validation effort.  Furthermore, the valida-
tion effort could be exploited as a mode of technology transfer by introducing engineers 
currently responsible for inspecting waterfront facilities to the Pile CI and (hopefully) 
garnering their support.
Field testing will also assist in determining parameters required for the proposed 
sampling strategy.  Specifi cally, an estimate of the typical standard deviation of Pile 
CI values within an inspection set is required for preliminary planning of project-level 
inspections.  Guidelines for network-level inspection rates should also be established.  
These rates will provide guidelines for the minimum number of “representative” piles 
that need to be inspected in order to obtain an acceptable estimate of Pile CI.
7.2.3  Future Improvements to the Pile CI
The Pile CI was developed specifi cally for piles exposed to a harsh, saltwater 
marine environment, where corrosion and various forms of chemical attack pose a severe 
threat to concrete structures.  In a freshwater environment, these deterioration mecha-
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nisms are still present, but tend to be more benign.  A freshwater “correction factor” for 
the Pile CI may be developed to lessen the overall impact of observed defects on the Pile 
CI.  In lieu of such a correction factor, the Pile CI may be applied in freshwater environ-
ments with the understanding that lower CI values may indicate less extensive and less 
urgent repairs.
In the initial stages of Pile CI development, repairs (e.g., jackets and patches) 
were included as a defect type.  This defect type was later abandoned, and a decision was 
made to identify deteriorated repairs or deterioration within repairs as the defect type 
they most resemble.  Whether this was the correct decision should be reevaluated follow-
ing additional fi eld testing.  The primary concern is that localized deterioration in repairs 
leads to the replacement of the entire repair, not just the deteriorated area.
7.2.4  Inclusion of the Pile CI in the WHARFER EMS
The Pile CI should be included in the Navy’s WHARFER EMS.  Inclusion of the 
Waterfront Inspection Hierarchy and the Pile CI calculation algorithm will be the fi rst 
steps in extending the system beyond basic inventory management.  
Additional research should be performed to determine how the Pile CI may be 
most effectively used in forecasting future conditions and maintenance and repair needs.  
Possible research activities include developing:
1.  Pile CI-based performance models.
2.  A correlation between Pile CI values and M&R costs for application to work 
planning.
3.  Pile CI-based optimization and prioritization strategies for work planning.
The products of these research activities, along with additional condition indexes, should 
also be included in the WHARFER EMS.
7.2.5  Future Application of the Delphi Method
The Delphi Method was successfully applied as a novel approach to preliminary 
validation of the Pile CI.  It facilitated the participation of a much larger group of wa-
terfront experts in Pile CI development than could otherwise be feasibly included.  As a 
means for reducing condition index development costs, application of the method in early 
stages of development should be investigated.  
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In applying the Delphi method in future condition index development efforts, it is 
recommended that participants be compensated for their time.  Participation in a Delphi 
study requires a signifi cant time investment, and compensation would provide – at the 
very least – incentive for more timely responses. 
In addition, decreasing the number of ratings in the fi rst round of the study may 
be equally as effective in identifying major problems with defect defi nitions and overall 
rating trends. Perhaps only three densities (instead of fi ve) for each combination of defect 
type and severity level would be randomly presented in the fi rst round. The overall shape 
of the deduct value curves could then fi lled in with additional ratings from more compre-
hensive second and third rounds of the study.
Lastly, there was more diffi culty in conveying crack widths via images used in the 
Delphi study than area and depth.  Diagrams should be supplemented (or replaced) with 
photographs whenever possible.
7.2.6  Development of the “Structural Section Rating”
In regard to the Structural Section Rating, development of appropriate CI values 
should be pursued in conjunction with fi eld validation of the Pile CI.  Combining fi eld 
development and validation efforts will make the best use of limited research and devel-
opment funding.  Preliminary development efforts need not wait until completion of the 
requisite CIs.  They may also occur in conjunction with ongoing CI development and 
validation efforts.
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APPENDIX A
PILE DEFECT MANUAL
A.1  Objective and Scope
This manual defi nes defects and measurement methods for inspecting reinforced 
and prestressed concrete piles.  The defi nitions and methods are keyed for use in deter-
mining the Pile Condition Index (Pile CI).  This manual is intended for use in the fi eld 
during waterfront concrete pile inspections.  It is also appropriate for use in inspection 
training courses.
A.2  Counting and Recording Defects
The purpose of this section is to briefl y summarize how to count and record pile 
defects when executing a fi eld inspection.  The information provided here is supplement-
ed by the more comprehensive defect defi nitions found on the following pages.
1.  Abrasion:  If a pile has multiple Abrasions, each is recorded independently.  The 
maximum depth determines the severity level of an Abrasion.  If corrosion staining is 
evident or reinforcement is exposed, the defect is recorded as either a Closed or Open 
Corrosion spall.  Abrasions less than 1/4 in. deep are not recorded.  A problem typi-
cally associated with cast-in-place piles is honeycombing.  Honeycombing is coarse 
aggregate that is not completely covered by mortar.  It may result from poorly graded 
aggregate or insuffi cient vibration at the time of placement.  Honeycombing is record-
ed as Abrasion.
2.  Breakage:  If a pile exhibits medium, high, or very high severity Breakage, do not re-
cord any other defects for the pile.  If multiple severity levels of Breakage are present, 
record only the most severe.
3.  Chemical Attack – Longitudinal Cracks:  If a pile has multiple Longitudinal Cracks 
resulting from Chemical Attack, all the cracks are considered together.  A single 
severity level is determined based on the total width of cracking at the most severe 
elevation.  Longitudinal Cracks may be continuous or discontinuous.  Length is mea-
sured from the top of the uppermost crack to the bottom of the lowermost crack in an 
area of cracking.
4.  Chemical Attack – Pattern Cracks:  If a pile has multiple areas affected by Pattern 
Cracks, each is recorded independently.  There are no severity levels for this defect.
5.  Chemical Attack – Volume Loss:  If a pile has multiple areas affected by Volume 
Loss, each is recorded independently.  Very advanced Volume Loss resulting from 
149
Chemical Attack may result in complete failure of the pile.  In such cases, the Volume 
Loss is recorded as Breakage.
6.  Longitudinal Corrosion Cracks:  If a pile has multiple Longitudinal Corrosion 
Cracks, each is recorded independently.  Multiple cracks that are near one another and 
are connected by secondary cracking are recorded as a Closed Corrosion Spall.  The 
presence of corrosion staining along the crack is not necessary for classifi cation of 
this defect.
7.  Transverse Corrosion Cracks:  If a pile has multiple Transverse Corrosion Cracks, 
each is recorded independently.  Multiple Transverse Corrosion Cracks that are near 
one another and are connected by secondary cracking are recorded as a Closed Cor-
rosion Spall.  The presence of corrosion staining along the crack is not necessary for 
classifi cation of this defect.
8.  Overload Cracks:  If a pile has multiple Overload Cracks, each is recorded indepen-
dently.  Multiple areas affected by this defect that are near one another and are con-
nected by secondary cracking are recorded as a Closed Overload/Mechanical Spall.  
The absence of corrosion staining along the crack is necessary for classifi cation of 
this defect.
9.  Closed Corrosion Spalls:  If a pile has multiple Closed Corrosion Spalls, each is 
recorded independently.  Closed Corrosion Spalls may be completely or partially en-
circled by one or more cracks.  The underlying reinforcing steel is not exposed.  The 
presence of corrosion staining at the spall is not necessary for classifi cation of this 
defect.
10.  Open Corrosion Spalls:  If a pile has multiple Open Corrosion Spalls, each is re-
corded independently.  Open Corrosion Spalls may be either completely or partially 
open.  The presence of corrosion staining at the spall is necessary for classifi cation of 
this defect.
11.  Closed Overload/Mechanical Spalls:  If a pile has multiple Closed Overload/Me-
chanical Spalls, each is recorded independently.  The absence of corrosion staining at 
the spall is necessary for classifi cation of this defect.  If corrosion staining is evident, 
the defect is recorded as a Closed Corrosion Spall.  There are no severity levels for 
this defect.
12.  Open Overload/Mechanical Spalls:  If a pile has multiple Open Overload/Me-
chanical Spalls, each is recorded independently.  Spalls less than 1/4 in. deep are not 
recorded.  The absence of corrosion staining at the spall is necessary for classifi cation 
of this defect.  If corrosion staining is evident, the defect is recorded as an Open Cor-
rosion Spall.
13.  Open Overload/Mechanical Spalls with Crack:  This defect is recorded only once 
for a pile.  There are no severity levels for this defect.
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A.3  Corrosion Staining and Secondary Cracking
The purpose of this section is to defi ne corrosion staining and secondary cracking 
severities.  Severity levels of several of the corrosion-related defects are based, in part, on 
the severity of corrosion staining and secondary cracking.  Severity level defi nitions for 
corrosion staining are presented below and illustrated in Fig. A-1.
Light A very thin band of continuous staining along the length of a crack.  No 
large spots of staining.
Moderate A couple of large spots of staining; little or no staining elsewhere.
Severe Several large spots of staining or a wide band of continuous staining along 
the crack.
Secondary cracks appear to branch off from or travel adjacent to the primary 
crack.  They may be oriented in any direction.  They are typically very narrow.  Severity 
level defi nitions for secondary cracks are presented below and illustrated in Fig. A-2.
Light A couple secondary cracks.  No visible corrosion staining.
Moderate Several secondary cracks; or any number of secondary cracks exhibiting 
light to moderate corrosion staining.
Severe Several secondary cracks with the majority exhibiting severe corrosion 
staining.
(a) (b) (c)
Fig. A-1  Corrosion staining severities.  
(a) Light (b) Moderate (c) Severe
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(a) (b) (c)
Fig. A-2  Secondary cracking severities.  
(a) Light (b) Moderate (c) Severe 
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A.4  Pile Defect Defi nitions
A.4.1  Abrasion
A.4.1.1  Description
Abrasion is a frictional process that causes the gradual loss of surface concrete.  
Abraded concrete surfaces are typically smooth.  Abrasions commonly occur in the tidal 
zone as the result of wave action, fl oating debris, or ice fl ow.  Debris moving across 
the ocean fl oor may abrade a pile near the mudline.  Vessels may also abrade a pile if 
fendering systems are damaged or inadequately designed.
Abrasions tend to be shallow, and any structural impact that they have on the pile 
is typically minor.  Very shallow (< 1/4 in.) Abrasions are therefore not recorded.  More 
often than not, the reduction in surface concrete is a durability – rather than a structural 
– concern.  A thinner layer of concrete protecting underlying reinforcing steel may result 
in premature corrosion.  Of course, deep Abrasions may have a signifi cant impact on a 
pile’s structural integrity.  
A.4.1.2  Repair Options
Do nothing, patch, or non-structural jacket.
A.4.1.3  How to Measure
Area (A) Measure the area of the Abrasion.
Depth (DMax) Measure the maximum depth of the Abrasion.
A.4.1.4  Severity Levels
Low 1/4 ≤ DMax < 1 in.
Medium 1 ≤ DMax < 2 in.
High DMax ≥ 2 in.
A.4.1.5  Notes
1.  If a pile has multiple Abrasions, each is recorded independently.  
2.  The maximum depth determines the severity level of an Abrasion.
3.  Abrasions less than 1/4 in. deep are not recorded.
4.  If corrosion staining is evident or reinforcement is exposed, the defect is recorded as 
either a closed or Open Corrosion Spall.
5.  Honeycombing is recorded as Abrasion.
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Fig. A-3  Do not record Abrasions that are less 
than 1/4 in. deep.
Fig. A-4 Low Severity Abrasion.
Fig. A-5 Low Severity Abrasion, Example 1. Fig. A-6 Low Severity Abrasion, Example 2.
Fig. A-7 Medium Severity Abrasion. Fig. A-8 Medium Severity Abrasion, 
Example 1.
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Fig. A-9 Medium Severity Abrasion, 
Example 2.
Fig. A-10 High Severity Abrasion.
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A.4.2  Breakage
A.4.2.1  Description
The primary cause of Breakage is structural overloading resulting from earth-
quake, impact, or other extreme live loads.  Excessive sustained loads may also result in 
Breakage.  Broken piles may be offset from their original orientation or displaced from 
their original location.  Typically, they exhibit massive amounts of damage in the form of 
cracks, crushing or spalling of the concrete, and severe damage to the reinforcing steel.    
Severity levels for Breakage refer to the amount of continuity and contact within 
a broken pile, both of which refer to the condition of the concrete.  Continuous concrete 
is not fractured, intact concrete.  A continuous pile has intact concrete along its entire 
length.  At no location does a fracture extend through the entire cross-section of the pile.  
If a pile has been fractured through its cross-section, the two fracture surfaces may bear 
on one another.  If they do, contact exists.
A.4.2.2  Repair Options
Structural jacket or pile replacement
A.4.2.3  How to Measure
N/A
A.4.2.4  Severity Levels
Low Pile is bent and reinforcement is not exposed.
Medium Reinforcement is exposed and pile or longitudinal reinforcement is bent.
High Breakage extends through the pile and reinforcement is exposed.  Some 
continuity or contact of concrete exists.
Very High No continuity or contact of the concrete.
A.4.2.5  Note
If a pile exhibits medium, high, or very high severity Breakage, do not record any 
other defects for the pile.  If multiple severity levels of Breakage are present, record only 
the most severe.
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Fig. A-11 Low Severity Breakage.  Note: No 
bent or broken reinforcement visible.
Fig. A-12 Medium Severity Breakage, 
Example 1.
Fig. A-13 Medium Severity Breakage, 
Example 2.
Fig. A-14 High Severity Breakage, Example 1.
Fig. A-15 High Severity Breakage, Example 2. Fig. A-16 High Severity Breakage, Example 3.
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Fig. A-17 High Severity Breakage, Example 4. Fig. A-18 Very High Severity Breakage, 
Example 1.
Fig. A-19 Very High Severity Breakage, 
Example 2.
Fig. A-20 Very High Severity Breakage, 
Example 3.
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A.4.3  Chemical Attack:  Longitudinal Cracks
A.4.3.1  Description
Chemical Attack is a complex phenomenon that can be caused by many different 
mechanisms, such as sulfate attack and alkali-silica reaction.  Longitudinal Cracks result-
ing from Chemical Attack typically occur below water.  In some instances, precast con-
crete manufacturing processes that involve high curing temperatures may result in piles 
more susceptible to this defect.
The rate of progression of Chemical Attack depends on a number of factors 
related to the material properties and service environment of the concrete.  It is seldom 
possible to determine both the cause and the rate at which Chemical Attack is progressing 
based on a visual inspection alone.  Even with sophisticated laboratory testing, it can still 
be diffi cult to fully characterize the defect. 
A.4.3.2   Repair Options
Narrower cracks:  epoxy injection.  Wider cracks:  jacket (structural or non-struc-
tural) or pile replacement.  Monitor and/or special inspection.  
A.4.3.3   How to Measure
Length (L) Measure the length of the affected area.
Width (CWTotal) Measure the total width of cracking, which is the sum of all crack 
widths at the most severe elevation.
A.4.3.4   Severity Levels
Low CWTotal ≤ 0.04 in.
Medium 0.04 < CWTotal ≤ 0.08 in.
High CWTotal > 0.08 in.
A.4.3.5   Notes
1. If a pile has multiple Longitudinal Cracks resulting from Chemical Attack, all the 
cracks are considered together.  A single severity level is determined based on the 
total width of cracking at the most severe elevation.
2. Longitudinal Cracks may be continuous or discontinuous.
3. Length is measured from the top of the uppermost crack to the bottom of the lower-
most crack in an area of cracking.
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Fig. A-21 Low Severity Chemical Attack: 
Longitudinal Crack.
Fig. A-22 Low Severity Chemical Attack: 
Longitudinal Crack, Example 1.
Fig. A-23 Low Severity Chemical Attack: 
Longitudinal Crack, Example 2.
Fig. A-24 Medium Severity Chemical Attack: 
Longitudinal Crack.
Fig. A-25 Medium Severity Chemical Attack: 
Longitudinal Crack.
Fig. A-26 High Severity Chemical Attack: 
Longitudinal Crack.
160
Fig. A-27 High Severity Chemical Attack: 
Longitudinal Crack.
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A.4.4  Chemical Attack:  Pattern Cracks
A.4.4.1  Description
Chemical Attack is a complex phenomenon that can be caused by many different 
mechanisms, such as sulfate attack and alkali-silica reaction.  Pattern Cracking resulting 
from Chemical Attack manifests as a distinct network of interconnected cracks.  Longi-
tudinal Cracks may develop into Pattern Cracking as Chemical Attack progresses.  This 
type of cracking typically occurs below water.  
The rate of progression of Chemical Attack depends on a number of factors 
related to the material properties and service environment of the concrete.  It is seldom 
possible to determine both the cause and the rate at which Chemical Attack is progressing 
based on a visual inspection alone.  Even with sophisticated laboratory testing, it can still 
be diffi cult to fully characterize the defect.
A.4.4.2   Repair Options
Jacket (structural or non-structural) or pile replacement.  Monitor and/or special 
inspection.
A.4.4.3   How to Measure
Area (A) Measure the spall area.
A.4.4.4   Severity Levels
None
A.4.4.5   Note
If a pile has multiple areas affected by Pattern Cracks, each is recorded indepen-
dently.
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Fig. A-28 Chemical Attack: Pattern Cracks. Fig. A-29 Chemical Attack: Pattern Cracks.
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A.4.5  Chemical Attack:  Volume Loss
A.4.5.1  Description
Chemical Attack is a complex phenomenon that can be caused by many different 
mechanisms, such as sulfate attack and alkali-silica reaction.  A pile affected by Volume 
Loss may appear to have an “hourglass” shape.  A spalling or peeling away of the surface 
is also a characteristic of piles affected by this defect.  Longitudinal Cracks and Pattern 
Cracks may develop into Volume Loss as Chemical Attack progresses.
The rate of progression of Chemical Attack depends on a number of factors 
related to the material properties and service environment of the concrete.  It is seldom 
possible to determine both the cause and the rate at which Chemical Attack is progressing 
based on a visual inspection alone.  Even with sophisticated laboratory testing, it can still 
be diffi cult to fully characterize the defect.
A.4.5.2   Repair Options
Jacket (structural or non-structural) or pile replacement.  Monitor and/or special 
inspection.
A.4.5.3   How to Measure
Area (A) Measure the area of the Volume Loss.
Depth (DMax) Measure the maximum depth of the Volume Loss.
A.4.5.4   Severity Levels
Low DMax < 1 in.
Medium DMax ≥ 1 in., no exposed reinforcement.
High Spalled concrete, exposed reinforcement.
Very High Spalled concrete, complete section loss of confi nement steel at multiple 
adjacent locations.
A.4.5.5   Notes
1. If a pile has multiple areas affected by Volume Loss, each is recorded independently.  
2. Volume Loss resulting from Chemical Attack may result in complete failure of the 
pile.  In such cases, the Volume Loss is recorded as Breakage.
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Fig. A-30 Record very advanced Volume Loss as 
Breakage.
Fig. A-31 Low Severity Chemical Attack: 
Volume Loss.
Fig. A-32 Low Severity Chemical Attack: 
Volume Loss, Example 1.
Fig. A-33 Low Severity Chemical Attack: 
Volume Loss, Example 2.
Fig. A-34 Medium Severity Chemical Attack: 
Volume Loss.
Fig. A-35 Medium Severity Chemical Attack: 
Volume Loss, Example 1.
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Fig. A-36 Medium Severity Chemical Attack: 
Volume Loss, Example 2.
Fig. A-37 Medium Severity Chemical Attack: 
Volume Loss, Example 3.
Fig. A-38 High Severity Chemical Attack: 
Volume Loss.
Fig. A-39 High Severity Chemical Attack: 
Volume Loss, Example 1.
Fig. A-40 High Severity Chemical Attack: 
Volume Loss, Example 2.
Fig. A-41 High Severity Chemical Attack: 
Volume Loss, Example 3.
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Fig. A-42 High Severity Chemical Attack: 
Volume Loss, Example 4.
Fig. A-43 Very High Severity Chemical Attack: 
Volume Loss.
Fig. A-44 Very High Severity Chemical Attack: 
Volume Loss.  Note:  Shear reinforce-
ment lost at several adjacent locations.
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A.4.6  Longitudinal Corrosion Cracks
A.4.6.1  Description
Corrosion cracks occur above reinforcement.  They are caused by stresses in the 
concrete resulting from the formation of expansive corrosion products.  Corrosion cracks 
are typically located above mean lower low water (MLLW) since the presence of oxygen 
is favorable to the corrosion process.  
Longitudinal Corrosion Cracks appear above fl exural reinforcement; however, 
they may also occur above reinforcement used to connect a pile to other structural ele-
ments.  They often occur near the edges of prismatic piles, where the reinforcement is 
vulnerable to attack on more than one side.  The edges of corrosion cracks tend not to be 
as sharp as the edges of overstressing cracks.
A.4.6.2   Repair Options
Do nothing, patch, or jacket (structural or non-structural).
A.4.6.3   How to Measure
Length (L) Measure the crack length.
Crack Width (CWMax) Measure the maximum crack width.
A.4.6.4   Severity Levels
Low CWMax ≤ 1/16 in.  Light staining and/or secondary cracking may be present.
Medium (1)  1/16 < CWMax ≤ 1/8 in.; or
(2)  CWMax ≤ 1/16 in. with moderate to severe staining and/or secondary 
cracking.
High (1)  CWMax > 1/8 in.; or 
(2)  1/16 < CWMax ≤ 1/8 in. with moderate to severe staining and/or second-
ary cracking.
A.4.6.5   Notes
1. If a pile has multiple Longitudinal Corrosion Cracks, each is recorded independently.
2. Multiple Longitudinal Corrosion Cracks that are near one another and connected by 
secondary cracking are recorded as a Closed Corrosion Spall.
3. The presence of corrosion staining along the crack is not necessary for classifi cation 
of this defect.
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Fig. A-45 Low Severity Longitudinal 
Corrosion Crack.
Fig. A-46 Low Severity Longitudinal 
Corrosion Crack, Example 1.
Fig. A-47 Low Severity Longitudinal 
Corrosion Crack, Example 2.
Fig. A-48 Medium Severity Longitudinal 
Corrosion Crack.
Fig. A-49 Medium Severity Longitudinal 
Corrosion Crack, Example 1.
Fig. A-50 Medium Severity Longitudinal 
Corrosion Crack, Example 2.
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Fig. A-51 Medium Severity Longitudinal 
Corrosion Crack, Example 3.
Fig. A-52 High Severity Longitudinal 
Corrosion Crack.
Fig. A-53 High Severity Longitudinal 
Corrosion Crack.
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A.4.7  Transverse Corrosion Cracks
A.4.7.1  Description
Corrosion cracks occur above reinforcement.  They are caused by stresses in the 
concrete resulting from the formation of expansive corrosion products.  Corrosion cracks 
are typically located above mean lower low water (MLLW) since the presence of oxygen 
is favorable to the corrosion process.  
Transverse Corrosion Cracks run parallel to shear reinforcement (e.g., ties).  In the 
case of spirally reinforced piles, cracks resulting from the corrosion of the spiral rein-
forcement may appear diagonally along the pile length.  Multiple cracks may appear near 
one another.  They may not extend fully around the perimeter of the pile.  The edges of 
corrosion cracks tend not to be as sharp as the edges of overstressing cracks.
A.4.7.2   Repair Options
Do nothing, patch, or jacket (structural or non-structural).
A.4.7.3   How to Measure
Length (L) Measure the crack length.
Crack Width (CWMax) Measure the maximum crack width.
A.4.7.4   Severity Levels
Low CWMax ≤ 1/32 in.  Light staining and/or secondary cracking may be present.
Medium (1)  1/32 < CWMax ≤ 1/16 in.; or
(2)  CWMax ≤ 1/32 in. with moderate to severe staining and/or secondary 
cracking.
High (1)  CWMax > 1/16 in.; or 
(2)  1/32 < CWMax ≤ 1/16 in. with moderate to severe staining and/or second-
ary cracking.
A.4.7.5   Notes
1. If a pile has multiple Transverse Corrosion Cracks, each is recorded independently.
2. Multiple Transverse Corrosion Cracks that are near one another and are connected by 
secondary cracking are recorded as a Closed Corrosion Spall.
3. The presence of corrosion staining along the crack is not necessary for classifi cation 
of this defect.
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Fig. A-54 Low Severity Transverse 
Corrosion Crack.
Fig. A-55 Medium Severity Transverse 
Corrosion Crack.
Fig. A-56 Medium Severity Transverse 
Corrosion Crack.
Fig. A-57 High Severity Transverse 
Corrosion Crack.
Fig. A-58 High Severity Transverse 
Corrosion Crack, Example 1.
Fig. A-59 High Severity Transverse Corrosion 
Crack, Example 2.  Note: This defect 
should be recorded as a Closed Corro-
sion Spall.
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A.4.8  Overload Cracks
A.4.8.1  Description
The primary cause of Overload Cracks is structural overloading.  Structural over-
loading may result from pile driving, earthquakes, impacts, or other types of excessive 
live load.  Overload Cracks may also result from excessive sustained loads.
Overload Cracks typically manifest as either transverse or diagonal cracks.  Over-
load Cracks can be located anywhere along the length of a pile, but they commonly occur 
in regions of maximum moment or near stiff objects that restrain the pile.  The edges of 
Overload Cracks tend to be sharper than the edges of corrosion cracks.  More important-
ly, tiny spalls are typically visible along the crack edges.
A.4.8.2   Repair Options
Epoxy inject, patch, or jacket (structural or non-structural).
A.4.8.3   How to Measure
Length (L) Measure the crack length.
Crack Width (CWMax) Measure the maximum crack width.
A.4.8.4   Severity Levels
Low CWMax ≤ 1/32 in.
Medium (1)  1/32 < CWMax ≤ 1/16 in.; or
(2)  CWMax ≤ 1/32 in. with moderate secondary cracking (no staining).
High (1)  CWMax > 1/16 in.; or 
(2)  1/32 < CWMax ≤ 1/16 in. with moderate secondary cracking (no staining).
A.4.8.5   Notes
1. If a pile has multiple Overload Cracks, each is recorded independently.
2. Multiple areas affected by this defect that are near one another and are connected by 
secondary cracking are recorded as a Closed Overload/Mechanical Spall.
3. The absence of corrosion staining along the crack is necessary for classifi cation of 
this defect.
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Fig. A-60 Low Severity Overload Crack. Fig. A-61 Low Severity Overload Crack, 
Example 1.
Fig. A-62 Low Severity Overload Crack, 
Example 2.
Fig. A-63 Medium Severity Overload Crack.
Fig. A-64 Medium Severity Overload Crack. Fig. A-65 High Severity Overload Crack.
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Fig. A-66 High Severity Overload Crack, 
Example 1.
Fig. A-67 High Severity Overload Crack, 
Example 2.
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A.4.9  Closed Corrosion Spalls
A.4.9.1  Description
Closed Corrosion Spalling is the initial breaking away of a fragment of concrete 
cover.  Similar to corrosion cracks, Closed Corrosion Spalls are caused by stresses in the 
concrete resulting from the formation of expansive corrosion products.  Closed Corrosion 
Spalls are typically located above mean lower low water (MLLW) since the presence of 
oxygen is favorable to the corrosion process.
Closed Corrosion Spalls appear as the incomplete separation of a single or multi-
ple fragment(s) of concrete cover.  Closed Corrosion Spalls may be completely or par-
tially encircled by one or more cracks.  The underlying reinforcing steel is not exposed.  
A.4.9.2   Repair Options
Patch, or jacket (structural or non-structural).
A.4.9.3   How to Measure
Area (A) Measure the spall area.
Crack Width (CWMax) Measure the width of the defi ning crack.
A.4.9.4   Severity Levels
Low CWMax ≤ 1/16 in.  Light staining and/or secondary cracking may be pres-
ent, and sounding indicates that the spall is intact and fi rmly attached to the 
substrate. 
Medium (1)  1/16 < CWMax ≤ 1/8 in.; or
(2)  Sounding indicates that the spall has begun to detach from the substrate, 
but complete separation is not imminent.
High (1)  CWMax > 1/8 in.; or 
(2)  Sounding indicates that complete separation of the spall from the sub-
strate is imminent; or
(3)  Spall is offset from surrounding concrete.
A.4.9.5   Notes
1. If a pile has multiple Closed Corrosion Spalls, each is recorded independently.
2. The presence of corrosion staining at the spall is not necessary for classifi cation of 
this defect.
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Fig. A-68 Low Severity Closed 
Corrosion Spall.
Fig. A-69   Low Severity Closed 
Corrosion Spall, Example 1.
Fig. A-70   Low Severity Closed 
Corrosion Spall, Example 2.
Fig. A-71   Medium Severity Closed 
Corrosion Spall.
Fig. A-72   Medium Severity Closed 
Corrosion Spall, Example 1.
Fig. A-73   Medium Severity Closed 
Corrosion Spall, Example 2.
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Fig. A-74 Medium Severity Closed 
Corrosion Spall, Example 3.
Fig. A-75 Medium Severity Closed 
Corrosion Spall, Example 4.
Fig. A-76 High Severity Closed 
Corrosion Spall.
Fig. A-77 High Severity Closed 
Corrosion Spall, Example 1.
Fig. A-78 High Severity Closed 
Corrosion Spall, Example 2.
Fig. A-79 High Severity Closed 
Corrosion Spall, Example 3.
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Fig. A-80 High Severity Closed 
Corrosion Spall, Example 4.
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A.4.10  Open Corrosion Spalls
A.4.10.1  Description
Open Corrosion Spalling is the partial or complete breaking away of a fragment 
of concrete cover.  Similar to corrosion cracks, partially and completely Open Corrosion 
Spalls are caused by stresses in the concrete resulting from the formation of expansive 
corrosion products.  Open Corrosion Spalls are typically located above mean lower low 
water (MLLW) since the presence of oxygen is favorable to the corrosion process.
Open Corrosion Spalls may be either completely or partially open.  Completely 
Open Corrosion Spalls appear as recesses in the concrete surface due to the separation 
of a fragment of concrete cover.  Reinforcing steel is exposed in Open Corrosion Spalls.  
Partially Open Corrosion Spalls appear as a combination of closed and Open Corrosion 
Spalls.  Underlying reinforcing steel is typically exposed in partially Open Corrosion 
Spalls.
A.4.10.2   Repair Options
Patch, jacket (structural or non-structural), or pile replacement.
A.4.10.3   How to Measure
Area (A) Measure the spall area.
A.4.10.4   Severity Levels
Medium Some section loss of exposed reinforcement (< 10%).  Deformations are 
visible on the reinforcing steel.  Reinforcement appears mostly intact and 
does not easily chip loose when struck by a hammer.
High Signifi cant section loss of exposed reinforcement (≥ 10%).  Deformations 
are not visible on the reinforcing steel.  Section loss is characterized by 
heavy staining and fl aking away of the reinforcement.  Reinforcement may 
easily chip loose when struck by a hammer.
A.4.10.5   Notes
1. If a pile has multiple Open Corrosion Spalls, each is recorded independently.
2. The presence of corrosion staining at the spall is necessary for classifi cation of this 
defect.
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Fig. A-81 Medium Severity Open 
Corrosion Spall.
Fig. A-82 Medium Severity Open 
Corrosion Spall, Example 1.
Fig. A-83 Medium Severity Open 
Corrosion Spall, Example 2.
Fig. A-84 High Severity Open 
Corrosion Spall.
Fig. A-85 High Severity Open 
Corrosion Spall, Example 1.
Fig. A-86 High Severity Open 
Corrosion Spall, Example 2.
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Fig. A-87 High Severity Open 
Corrosion Spall, Example 3.
Fig. A-88 High Severity Open 
Corrosion Spall, Example 4.
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A.4.11  Closed Overload/Mechanical Spalls
A.4.11.1  Description
Impact damage from vessels and other extreme live loads may result in localized 
damage to piles, such as spalls.  Closed Overload/Mechanical Spalls are typically located 
at the ends of a pile.  They may also occur near the top of the submerged zone, where 
vessel impacts frequently occur.
The edges of the cracks surrounding these spalls tend to be sharper than the edges 
of corrosion cracks.  More importantly, tiny spalls are typically visible along the crack 
edges.
A.4.11.2   Repair Options
Do nothing, epoxy inject, patch, or non-structural jacket.
A.4.11.3   How to Measure
Area (A) Measure the spall area.
A.4.11.4   Severity Levels
None
A.4.11.5   Notes
1. If a pile has multiple Closed Overload/Mechanical Spalls, each is recorded indepen-
dently.
2. The absence of corrosion staining at the spall is necessary for classifi cation of this 
defect.
3. If corrosion staining is evident, the defect is recorded as a Closed Corrosion Spall.
183
Fig. A-89 Closed Overload/Mechanical Spall. Fig. A-90 Closed Overload/Mechanical Spall.
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A.4.12  Open Overload/Mechanical Spalls
A.4.12.1  Description
Impact damage from vessels and other extreme live loads may result in localized 
damage to piles, such as spalls.  Open Overload/Mechanical Spalls are typically located 
at the ends of a pile.  They may also occur near the top of the submerged zone, where 
vessel impacts frequently occur.  
A.4.12.2   Repair Options
Do nothing, patch, or non-structural jacket.
A.4.12.3   How to Measure
Area (A) Measure the spall area.
Depth (DMax) Measure the maximum depth of the spall.
A.4.12.4   Severity Levels
Low 1/4 ≤ DMax < 1 in.
Medium 1 ≤ DMax < 2 in.
High DMax ≥ 2 in.
A.4.12.5   Notes
1. If a pile has multiple Open Overload/Mechanical Spalls, each is recorded 
independently.
2. Spalls less than 1/4 in. deep are not recorded.
3. The maximum depth determines the severity level of an Open 
Overload/Mechanical Spall.
4. The absence of corrosion staining at the spall is necessary for classifi cation of 
this defect.
5. If corrosion staining is evident at the spall, the defect is recorded as an Open Corro-
sion Spall.
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Fig. A-91 Low Severity Open 
Overload/Mechanical Spall.
Fig. A-92 Medium Severity Open 
Overload/Mechanical Spall.
Fig. A-93 Medium Severity Open 
Overload/Mechanical Spall.
Fig. A-94 High Severity Open 
Overload/Mechanical Spall.
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A.4.13  Open Overload/Mechanical Spall with Crack
A.4.13.1  Description
Impact damage from vessels and other extreme live loads may result in localized 
damage to piles.  Open Overload/Mechanical Spalls with Cracks are typically occur at the 
pile to deck connection.  The defect is frequently indicative of very serious damage to the 
pile below water.
The structural behavior that creates this defect may be summarized as follows:  
(1) the pile is subject to a loading condition resulting in extreme bending; (2) during 
bending, near its connection to the deck, the pile develops a transverse crack that begins 
on the pile’s tension face while the compression face is crushed; (3) upon removal of the 
loading condition, the pile “snaps” back into alignment.  
A.4.13.2   Repair Options
Epoxy inject, patch, or jacket (structural or non-structural).  Below-water inspec-
tion to assess damage further.
A.4.13.3   How to Measure
N/A
A.4.13.4   Severity Levels
None
A.4.13.5   Note
 This defect is recorded only once for a pile.
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Fig. A-95 Open Overload/Mechanical 
Spall with Crack, Example 1.
Fig. A-96 Open Overload/Mechanical 
Spall with Crack, Example 2.
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APPENDIX B
EXCERPTS FROM INITIAL PILE DEFECT MANUAL
The defect defi nitions presented in this appendix are for comparative purposes 
only.  They represent a cross-section of the original pile defect defi nitions which evolved 
into those presented in Appendix A.  Based on the results of fi eld testing (as described 
in Chapter 3) these defi nitions were determined inadequate for the Pile CI.  First, expert 
ratings did not correlate well with either the defi ned severity levels or the method for 
measuring density.  Second, the severity levels were simply too complicated to imple-
ment.  The quantity of defect data required to record was deemed excessive by the panel 
of experts.  These factors resulted in a comprehensive rewrite of the defect defi nitions.
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B.1  Abrasion
B.1.1  Description
Abrasion is a frictional process that causes the gradual loss of surface concrete.  
Abrasion damage is characterized by an unusually smooth concrete surface.  It typically 
occurs in the tidal zone as the result of wave action, fl oating debris, or ice fl ow.  It may 
also occur due to berthing lines secured to a pile.  Furthermore, debris moving across the 
ocean fl oor may cause Abrasion damage near the mudline of a pile.  
B.1.2   Repair Options
Do Nothing, Patch, Jacket, Pile Replacement in severe cases
B.1.3   How to Measure
Depth (DMax) Measure the maximum depth of the Abrasion.
Length (LMax) Measure the maximum length of the Abrasion.
Perimeter (P) Measure the perimeter affected by the Abrasion.
B.1.4   Severity Levels
Length (LMax)
Depth (DMax) and Visual Description LMax < 2 ft. 2 ≤ LMax < 4 ft. LMax ≥ 4 ft.
DMax < 1 in.  No visibly exposed reinforcement.  
No evidence of corrosion. Low Low Medium
1 ≤ DMax < 2 in.  No visibly exposed reinforcement.  
No evidence of corrosion. Low Medium High
DMax ≥ 2 in., or visibly exposed reinforcement.  
No evidence of corrosion. High High High
B.1.5   Notes
This defect is recorded once in an exposure zone.  If multiple occurrences of this 
defect are present in an exposure zone, length (LMax) and depth (DMax) measurements for 
each occurrence are considered independently.  The severity level of this defect is then 
determined based on the pairing of the most severe length and depth measurements.  The 
perimeter (P) measurement is the absolute distance around the pile affected by this defect.
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Fig. B-1 Low Severity Abrasion, Case 1. Fig. B-2 Low Severity Abrasion, Case 2.
Fig. B-3 Medium Severity Abrasion, Case 1. Fig. B-4 Medium Severity Abrasion, Case 2.
Fig. B-5 High Severity Abrasion, Case 1. Fig. B-6 High Severity Abrasion, Case 2.
191
B.2  Chemical Attack:  Advanced
B.2.1  Description
Chemical Attack is a complex phenomenon that can be caused by many different 
mechanisms, such as sulfate attack and alkali-silica reaction (ASR).  The rate of progres-
sion of Chemical Attack depends on a number of factors related to the material properties 
and the service environment of the concrete.  It is seldom possible to determine both the 
cause and the rate at which Chemical Attack is progressing based on a visual inspection 
alone.  Even with sophisticated laboratory testing, it can still be diffi cult to fully charac-
terize the defect. 
B.2.2  Repair Options
Pile Replacement
B.2.3  How to Measure
Length (LMax) Measure the continuous length affected by the Chemical Attack.
Perimeter (P) Measure the perimeter affected by the Chemical Attack.
B.2.4  Severity Levels
Length (LAff)
Visual Description LAff < 6 ft. 6 ≤ LAff < 12 ft. LAff ≥ 12 ft.
Presence of soft concrete.  No signifi cant loss of pile sec-
tion.  No visibly exposed reinforcement. Very Low Low Low
Some loss of pile section, which may include rounding of 
corners.  No visibly exposed reinforcement. Low Medium Medium
Some loss of pile section.  Visibly exposed reinforcement 
that exhibits less than 10% section loss. Medium High High
Some loss of pile section.  Visibly exposed reinforcement 
that exhibits 10% or more section loss. High High Very High
Loss of pile section extends into the reinforcement cage. Very High Very High Very High
B.2.5  Notes
This defect is recorded once in an exposure zone.  The length of the pile affected 
(LAff) is measured from the top uppermost to the bottom of the lowermost occurrence.  
The perimeter (P) measurement is the shortest distance around the pile that includes all 
occurrences of this defect.
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Fig. B-9 Low Severity Advanced 
Chemical Attack, Case 2.
Fig. B-10 Medium Severity Advanced 
Chemical Attack, Case 1.
Fig. B-11 Medium Severity Advanced 
Chemical Attack, Case 2.
Fig. B-12 High Severity Advanced 
Chemical Attack, Case 1.
Fig. B-7 Very Low Severity Advanced 
Chemical Attack.
Fig. B-8 Low Severity Advanced 
Chemical Attack, Case 1.
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Fig. B-13 High Severity Advanced 
Chemical Attack, Case 2.
Fig. B-14 Very High Severity Advanced 
Chemical Attack, Case 1.
Fig. B-15 Very High Severity Advanced 
Chemical Attack, Case 2.
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B.3  Transverse Corrosion Cracks
B.3.1  Description
Corrosion cracks occur above reinforcement.  They are caused by stresses in the 
concrete resulting from the formation of expansive corrosion products.  Corrosion cracks 
are typically located above mean low water (MLW) since the presence of oxygen is fa-
vorable to the corrosion process.  The edges of corrosion cracks tend not to be as sharp as 
the edges of overstressing cracks.
Transverse Corrosion Cracks run parallel to shear reinforcement (e.g., ties).  In the 
case of spirally reinforced piles, cracks resulting from the corrosion of the spiral rein-
forcement may appear diagonally along the pile length.
B.3.2   Repair Options
Patch, Jacket, Pile Replacement
B.3.3   How to Measure
Crack Count Number of Transverse Corrosion Cracks.
Length (LTotal) Measure the total length of Transverse Corrosion Cracking.
Perimeter (P) Measure the perimeter affected by corrosion cracking.
Width (WMax) Measure the maximum Transverse Corrosion Crack width.
B.3.4   Severity Levels
Crack Count
Width (WMax) Length (LTotal) 1 - 2 3 - 4 > 4
WMax < 1/64 in. Any Low Low Low
LTotal < 2 ft. Low Medium Medium
1/64 ≤ WMax < 1/32 in. 2 ≤ LTotal < 4 ft. Low Medium Medium
LTotal ≥ 4 ft. Low Medium High
LTotal < 2 ft. Medium High Very High
WMax ≥ 1/32 in. 2 ≤ LTotal < 4 ft. High High Very High
LTotal ≥ 4 ft. High High Very High
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B.3.5   Notes
This defect is recorded once in an exposure zone.  The total length of cracking 
(LTotal) is the sum of the lengths of all individual cracks.  The perimeter (P) measurement 
is the absolute distance around the pile affected by this defect.  The presence of corrosion 
staining is necessary for classifi cation of this defect.
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Fig. B-16 Low Severity Transverse Corrosion 
Cracks, Case 1.
Fig. B-17 Low Severity Transverse Corrosion 
Cracks, Case 2.
Fig. B-18 Medium Severity Transverse 
Corrosion Cracks, Case 1.
Fig. B-19 Medium Severity Transverse 
Corrosion Cracks, Case 2.
Fig. B-20 Medium Severity Transverse 
Corrosion Cracks, Case 3.
Fig. B-21 High Severity Transverse 
Corrosion Cracks, Case 1.
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Fig. B-23 High Severity Transverse 
Corrosion Cracks, Case 3.
Fig. B-22 High Severity Transverse 
Corrosion Cracks, Case 2.
Fig. B-24 Very High Severity Transverse 
Corrosion Cracks.
APPENDIX C
INITIAL, TRADITIONAL DEDUCT VALUE CURVES
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Fig. C-1  Abrasion deduct value curves.
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Table C-1  
Deduct Values for Breakage
Severity Level Deduct Value
Low 79
Medium 89
High 93
Very High 100
201
0
10
20
30
40
50
60
70
80
90
100
0 10 20 30 40 50 60 70 80 90 100
De
du
ct
 V
al
ue
Density (%)
Width (in.)/Perimeter (in.)
High
Low
Medium
Fig. C-2  Chemical Attack:  Longitudinal Cracks deduct value curves.
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Fig. C-3  Chemical Attack:  Advanced deduct value curves.
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Fig. C-4  Longitudinal Corrosion Cracks deduct value curves:  
(a) Above Water, (b) Below Water.
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Fig. C-5  Transverse Corrosion Cracks deduct value curves:  
(a) Above Water, (b) Below Water.
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Fig. C-6  Overload Cracks deduct value curves:  
(a) Above Water, (b) Below Water.
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Fig. C-7  Jacket deduct value curves.
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Fig. C-8  Closed Corrosion Spalls deduct value curves.
208
0
10
20
30
40
50
60
70
80
90
100
De
du
ct
 V
al
ue
0 10 20 30 40 50 60 70 80 90 100
Density (%)
Width (in.)/Perimeter (in.)
High
Low
Medium
Fig. C-9  Open Corrosion Spalls deduct value curves.
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Fig. C-10  Overload/Mechanical Spalls deduct value curves:  
(a) Above Water, (b) Below Water.
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Fig. C-11  Overload Spall with Crack deduct value curves.
APPENDIX D
FINAL, TRADITIONAL DEDUCT VALUE CURVES
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Fig. D-1  Abrasion deduct value curves.
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Table D-1  
Deduct Values for Breakage
Severity Level Deduct Value
Low 65
Medium 75
High 84
Very High 100
Table D-2  
Deduct Values for 
Chemical Attack:  Longitudinal Cracks
Severity Level Deduct Value
Low 30
Medium 39
High 45
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Fig. D-2  Chemical Attack:  Pattern Cracks deduct value curves.
215
0
10
20
30
40
50
60
70
80
90
100
De
du
ct
 V
al
ue
0 40 80 120 160 200 240 280 320 360 400
Density (in.)
Area (in.2)/Pile Size (in.)
High
Medi
um
Low
Very High
Fig. D-3  Chemical Attack:  Volume Loss deduct value curves.
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Fig. D-4  Longitudinal Corrosion Cracks deduct value curves.
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Fig. D-5  Transverse Corrosion Cracks deduct value curves.
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Fig. D-6  Overload Cracks deduct value curves.
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Fig. D-7  Closed Corrosion Spalls deduct value curves.
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Fig. D-8  Open Corrosion Spalls deduct value curves.
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Fig. D-9  Closed Overload/Mechanical Spalls deduct value curves.
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Fig. D-10  Open Overload/Mechanical Spalls deduct value curves.  
Note:  Same as Abrasion.
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Table D-3  
Deduct Values for 
Open Overload/Mechanical Spall with Crack
Severity Level Deduct Value
NA 77
APPENDIX E
PILOT (STUDENT) DELPHI STUDY DEDUCT VALUE CURVES
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Fig. E-1  Abrasion deduct value curves.
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Table E-1  
Deduct Values for Breakage
Severity Level Deduct Value
Low NA
Medium 76
High 90
Very High 100
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Fig. E-2  Chemical Attack:  Longitudinal Cracks deduct value curves.
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Fig. E-3  Chemical Attack:  Pattern Cracks deduct value curves.
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Fig. E-4  Chemical Attack:  Volume Loss deduct value curves.
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Fig. E-5  Longitudinal Corrosion Cracks deduct value curves.
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Fig. E-6  Transverse Corrosion Cracks deduct value curves.
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Fig. E-7  Overload Cracks deduct value curves.  
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Fig. E-8  Closed Corrosion Spalls deduct value curves.
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Fig. E-9  Open Corrosion Spalls deduct value curves.
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Fig. E-10  Closed Overload/Mechanical Spalls deduct value curves.
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Table E-2  
Deduct Values for 
Open Overload/Mechanical Spall with Crack
Severity Level Deduct Value
NA 28
APPENDIX F
EXPERT DELPHI STUDY DEDUCT VALUE CURVES
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Fig. F-1  Abrasion deduct value curves.
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Table F-1  
Deduct Values for Breakage
Severity Level Deduct Value
Low NA
Medium 85
High 90
Very High 100
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Fig. F-2  Chemical Attack:  Longitudinal Cracks deduct value curves.
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Fig. F-3  Chemical Attack:  Pattern Cracks deduct value curves.
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Fig. F-4  Chemical Attack:  Volume Loss deduct value curves.
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Fig. F-5  Longitudinal Corrosion Cracks deduct value curves.
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Fig. F-6  Transverse Corrosion Cracks deduct value curves.
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Fig. F-7  Overload Cracks deduct value curves (Round 3).  
Note:  Round 2 results shown in inset.
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Fig. F-8  Closed Corrosion Spalls deduct value curves (Round 3). 
Note:  Round 2 results shown in inset.
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Fig. F-9  Open Corrosion Spalls deduct value curves.
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Fig. F-10  Closed Overload/Mechanical Spalls deduct value curves.
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Fig. F-11  Open Overload/Mechanical Spalls deduct value curves.  
Note:  Same as Abrasion.
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Table F-2  
Deduct Values for 
Open Overload/Mechanical Spall with Crack
Severity Level Deduct Value
NA 49
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APPENDIX G
DELPHI STUDY INSTRUCTIONS AND EXAMPLE FORMS
G.1  Introduction
G.1.1  Delphi Method
The Delphi method is simply a means of collecting and refi ning information pro-
vided by a group of selected experts. The method is characterized by response anonymity, 
controlled feedback, and statistical summary of group responses. Response anonymity 
minimizes the effect of dominant individuals.  Controlled feedback reduces the range of 
answers and focuses on group consensus.  Statistical summary is used to reduce the group 
pressure for conformity and ensures that the opinion of every expert is represented in 
the fi nal ratings.  In other words, the less informed responses gravitate towards the more 
informed responses on successive rounds.
G.1.2  Purpose of the Delphi Study
1.  To reach a consensus on the affect that defects (e.g., cracks, spalls, etc.) have 
on the condition of concrete piles.  
2.  Determine the most appropriate types of repairs and associated costs required 
to correct these defects.
G.2  Organization of the Delphi Study
The Delphi Study will consist of three rounds.  Each round will require approxi-
mately one to two hours of your time.  There are two equally acceptable ways to partici-
pate in this Delphi Study, either via e-mail or regular mail.  If you are equally comfort-
able with either method, please perform the study via e-mail, since it minimizes response 
post-processing.
During the fi rst round – regardless of your chosen method of participation – you 
will be provided with several photographs/diagrams of piles containing various defects.  
You will be asked to rate the condition of each of these piles and recommend repair ac-
tivities and costs.  You will also be provided with a document containing a brief descrip-
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tion of each of the defects you will encounter for reference.  Each of the two additional 
rounds will consist of:
1.  A statistical summary of the previous round.
2.  An opportunity to revise your ratings and recommendations (e.g., an opportu-
nity for the experts to come to a consensus).
3.  A few additional photographs and diagrams for rating.  
At the end of the three rounds, a fi nal packet will be sent out summarizing the 
fi ndings of the study.
Table G.1 shows when rounds will be sent out and when they are due.  Please 
make every effort to have return your rounds on time.
Table G-1  Delphi Study Schedule
Round Begin Due
1 1 Dec 2004 13 Dec 2004
2 21 Dec 2004 3 Jan 2005
3 11 Jan 2005 24 Jan 2005
G.3  Pile Rating Instructions
First read the following, and then refer to the attached example pile rating forms.  
G.3.1  Pile Rating Rules
1.  Rate the overall condition of each pile!  Do not assign ratings to the defect(s).
2.  Base your ratings on the “Rating Considerations” table on each rating form.
3.  Only consider the defect visible in the photograph/diagram and the supporting 
defect and pile data – assume no other defects are present.
4.  Compare the observed physical condition of the pile to that of a similar “like-
new” pile built as intended, according to good practice, and with good quality 
materials.
5.  If you do not understand what a defect is or terminology used on a form, refer 
to the Concrete Pile Defect Descriptions document  (you will be provided 
with this document when the study begins) and/or the Glossary at the end 
of this document for clarifi cation.  If you still have questions, e-mail kurt.
keifer@erdc.usace.army.mil.
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G.3.2  Steps to Follow for Successful Pile Rating
Starting with the fi rst page in Pile Photographs Diagrams Group ‘X’ document 
(you will be provided with this document when the study begins) and working your way 
in order to the end:
1.  Review the photograph/diagram and supporting data provided on the form.
2.  Review the “Rating Considerations” table criteria shown on the form.
3.  Determine:
a. An appropriate rating “Category” for the condition of the pile.
b. An appropriate numeric rating “Value” for the condition of the pile.
c. An appropriate “Repair Recommendation” and “Cost” to correct the de-
fect.
d. Any “Major Factors Affecting Your Rating.”
4.  For those participating via regular mail:  Enter your ratings in the space pro-
vided.
5.  For individuals participating via e-mail:  Locate the row in the Pile Rating 
Entry Form Group ‘X’ fi le (you will be provided with this fi le when the 
study begins) whose page number and “Form ID” column matches the page 
number and Form ID at the top of the form, and enter your responses that row.
6.  When you have successfully entered all of your ratings, please mail your re-
sponses back to me in the return envelope provided or e-mail me your com-
pleted Pile Rating Entry Form Group ‘X’ fi le at kurt.keifer@erdc.usace.
army.mil.  
G.4  Pile Rating Glossary
G.4.1  Measurements
Depth (D)
Length (L) Note: Pile length is from the ocean fl oor to the pile cap or deck.
Width (W)
Maximum (Max.)
Unknown (UNK)
G.4.2  Pile Types
Conventionally reinforced (RC) concrete pile
Prestressed (PS) concrete pile
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G.4.3 Misc.
Mean lower low water (MLLW) is the average of the lower low water height of 
each tidal day.  Above water inspections should be scheduled during this part of the tidal 
cycle since more of the pile is exposed.  
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CONCRETE PILE RATING FORM
Rating Considerations
Category Value
Estimated 
Capacity Loss Physical Integrity Remedial Action
1. Good
100
< 10%
None to minor defects.  No signiﬁ cant 
reduction in structural integrity. Immediate remedial actions are 
not required; however, protective 
measures should be considered.
86
2. Satisfactory
85 Minor to moderate defects.  No signiﬁ cant 
reduction in structural integrity.71
3. Fair
70
10 ~ 20%
Moderate defects.  No signiﬁ cant reduction in 
structural integrity.
Remedial actions should be 
initiated, but the urgency is low.56
4. Poor
55 Moderate to advanced defects.  Potentially 
signiﬁ cant reduction in structural integrity.
Remedial actions are required 
within 24 months.41
5. Serious
40
> 20%
Moderate to advanced defects.  Signiﬁ cant 
reduction in structural integrity.
Remedial actions are required 
within 12 months.26
6. Critical
25 Advanced defects.  Very signiﬁ cant reduction 
in structural integrity. Remedial actions are required 
within 6 months.
11
7. Failed
10 General failure or failure.  No structural 
integrity.0
ENTER YOUR EXPERT RATING HERE
Form ID: P-01-1
Category Value Repair Recommendation Cost Major Factors Affecting Your Rating
► ► ► ► ►
 
DEFECT DATA
Type:  Abrasion
Length: 5’
Width: 1’ - 7”
Depth: 0.75”
PILE DATA
Cross-section: 14” PS
Length: 15’
Fig. G-1  Example rating form of a Low Severity Abrasion.
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CONCRETE PILE RATING FORM
Rating Considerations
Category Value
Estimated 
Capacity Loss Physical Integrity Remedial Action
1. Good
100
< 10%
None to minor defects.  No signiﬁ cant 
reduction in structural integrity. Immediate remedial actions are 
not required; however, protective 
measures should be considered.
86
2. Satisfactory
85 Minor to moderate defects.  No signiﬁ cant 
reduction in structural integrity.71
3. Fair
70
10 ~ 20%
Moderate defects.  No signiﬁ cant reduction in 
structural integrity.
Remedial actions should be 
initiated, but the urgency is low.56
4. Poor
55 Moderate to advanced defects.  Potentially 
signiﬁ cant reduction in structural integrity.
Remedial actions are required 
within 24 months.41
5. Serious
40
> 20%
Moderate to advanced defects.  Signiﬁ cant 
reduction in structural integrity.
Remedial actions are required 
within 12 months.26
6. Critical
25 Advanced defects.  Very signiﬁ cant reduction 
in structural integrity. Remedial actions are required 
within 6 months.
11
7. Failed
10 General failure or failure.  No structural 
integrity.0
ENTER YOUR EXPERT RATING HERE
Form ID: P-02-2
Category Value Repair Recommendation Cost Major Factors Affecting Your Rating
► ► ► ► ►
 
DEFECT DATA
Type:  Breakage
PILE DATA
Cross-section: Assume 18” RC
Length: UNK
Fig. G-2  Example rating form of Medium Severity Breakage.
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CONCRETE PILE RATING FORM
Rating Considerations
Category Value
Estimated 
Capacity Loss Physical Integrity Remedial Action
1. Good
100
< 10%
None to minor defects.  No signiﬁ cant 
reduction in structural integrity. Immediate remedial actions are 
not required; however, protective 
measures should be considered.
86
2. Satisfactory
85 Minor to moderate defects.  No signiﬁ cant 
reduction in structural integrity.71
3. Fair
70
10 ~ 20%
Moderate defects.  No signiﬁ cant reduction in 
structural integrity.
Remedial actions should be 
initiated, but the urgency is low.56
4. Poor
55 Moderate to advanced defects.  Potentially 
signiﬁ cant reduction in structural integrity.
Remedial actions are required 
within 24 months.41
5. Serious
40
> 20%
Moderate to advanced defects.  Signiﬁ cant 
reduction in structural integrity.
Remedial actions are required 
within 12 months.26
6. Critical
25 Advanced defects.  Very signiﬁ cant reduction 
in structural integrity. Remedial actions are required 
within 6 months.
11
7. Failed
10 General failure or failure.  No structural 
integrity.0
Form ID: P-03-3
ENTER YOUR EXPERT RATING HERE
Reference Crack Width Scale (Inches)
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.15 0.20 0.25
Category Value Repair Recommendation Cost Major Factors Affecting Your Rating
► ► ► ► ►
 
DEFECT DATA
Type:  Chemical Attack, 
Longitudinal Crack
Length: Assume 15’
Max. Crack Width: Assume 0.25”
PILE DATA
Cross-section: Assume 18” PS
Length: UNK
Fig. G-3  Example rating form of High Severity 
Longitudinal Crack resulting from Chemical Attack.
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CONCRETE PILE RATING FORM
Rating Considerations
Category Value
Estimated 
Capacity Loss Physical Integrity Remedial Action
1. Good
100
< 10%
None to minor defects.  No signiﬁ cant 
reduction in structural integrity. Immediate remedial actions are 
not required; however, protective 
measures should be considered.
86
2. Satisfactory
85 Minor to moderate defects.  No signiﬁ cant 
reduction in structural integrity.71
3. Fair
70
10 ~ 20%
Moderate defects.  No signiﬁ cant reduction in 
structural integrity.
Remedial actions should be 
initiated, but the urgency is low.56
4. Poor
55 Moderate to advanced defects.  Potentially 
signiﬁ cant reduction in structural integrity.
Remedial actions are required 
within 24 months.41
5. Serious
40
> 20%
Moderate to advanced defects.  Signiﬁ cant 
reduction in structural integrity.
Remedial actions are required 
within 12 months.26
6. Critical
25 Advanced defects.  Very signiﬁ cant reduction 
in structural integrity. Remedial actions are required 
within 6 months.
11
7. Failed
10 General failure or failure.  No structural 
integrity.0
ENTER YOUR EXPERT RATING HERE
Form ID: P-05-3
Category Value Repair Recommendation Cost Major Factors Affecting Your Rating
► ► ► ► ►
 
DEFECT DATA
Type:  Chemical Attack, 
Volume Loss
Length: Assume 10’
Width: Assume 4’
Max. Depth: Assume 2.5”
PILE DATA
Cross-section: Assume 18” PS
Length: UNK
Fig. G-4  Example rating form of Medium Severity 
Volume Loss resulting from Chemical Attack.
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CONCRETE PILE RATING FORM
Rating Considerations
Category Value
Estimated 
Capacity Loss Physical Integrity Remedial Action
1. Good
100
< 10%
None to minor defects.  No signiﬁ cant 
reduction in structural integrity. Immediate remedial actions are 
not required; however, protective 
measures should be considered.
86
2. Satisfactory
85 Minor to moderate defects.  No signiﬁ cant 
reduction in structural integrity.71
3. Fair
70
10 ~ 20%
Moderate defects.  No signiﬁ cant reduction in 
structural integrity.
Remedial actions should be 
initiated, but the urgency is low.56
4. Poor
55 Moderate to advanced defects.  Potentially 
signiﬁ cant reduction in structural integrity.
Remedial actions are required 
within 24 months.41
5. Serious
40
> 20%
Moderate to advanced defects.  Signiﬁ cant 
reduction in structural integrity.
Remedial actions are required 
within 12 months.26
6. Critical
25 Advanced defects.  Very signiﬁ cant reduction 
in structural integrity. Remedial actions are required 
within 6 months.
11
7. Failed
10 General failure or failure.  No structural 
integrity.0
ENTER YOUR EXPERT RATING HERE
Form ID: P-05-6
Category Value Repair Recommendation Cost Major Factors Affecting Your Rating
► ► ► ► ►
 
DEFECT DATA
Type:  Chemical Attack, 
Volume Loss
Length: Assume 30’
Width: Assume all sides.
PILE DATA
Cross-section: Assume 18” PS
Length: UNK
Fig. G-5  Example rating form of Very High Severity 
Volume Loss resulting from Chemical Attack.
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CONCRETE PILE RATING FORM
Rating Considerations
Category Value
Estimated 
Capacity Loss Physical Integrity Remedial Action
1. Good
100
< 10%
None to minor defects.  No signiﬁ cant 
reduction in structural integrity. Immediate remedial actions are 
not required; however, protective 
measures should be considered.
86
2. Satisfactory
85 Minor to moderate defects.  No signiﬁ cant 
reduction in structural integrity.71
3. Fair
70
10 ~ 20%
Moderate defects.  No signiﬁ cant reduction in 
structural integrity.
Remedial actions should be 
initiated, but the urgency is low.56
4. Poor
55 Moderate to advanced defects.  Potentially 
signiﬁ cant reduction in structural integrity.
Remedial actions are required 
within 24 months.41
5. Serious
40
> 20%
Moderate to advanced defects.  Signiﬁ cant 
reduction in structural integrity.
Remedial actions are required 
within 12 months.26
6. Critical
25 Advanced defects.  Very signiﬁ cant reduction 
in structural integrity. Remedial actions are required 
within 6 months.
11
7. Failed
10 General failure or failure.  No structural 
integrity.0
Form ID: P-06-1
ENTER YOUR EXPERT RATING HERE
Reference Crack Width Scale (Inches)
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.15 0.20 0.25
Category Value Repair Recommendation Cost Major Factors Affecting Your Rating
► ► ► ► ►
 
DEFECT DATA
Type:  Corrosion Crack
Length: 2’ - 7”
Max. Crack Width: 0.04”
PILE DATA
Cross-section: 14” PS
Length: 15’
Fig. G-6  Example rating form of a Low Severity Longitudinal Corrosion Crack.
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CONCRETE PILE RATING FORM
Rating Considerations
Category Value
Estimated 
Capacity Loss Physical Integrity Remedial Action
1. Good
100
< 10%
None to minor defects.  No signiﬁ cant 
reduction in structural integrity. Immediate remedial actions are 
not required; however, protective 
measures should be considered.
86
2. Satisfactory
85 Minor to moderate defects.  No signiﬁ cant 
reduction in structural integrity.71
3. Fair
70
10 ~ 20%
Moderate defects.  No signiﬁ cant reduction in 
structural integrity.
Remedial actions should be 
initiated, but the urgency is low.56
4. Poor
55 Moderate to advanced defects.  Potentially 
signiﬁ cant reduction in structural integrity.
Remedial actions are required 
within 24 months.41
5. Serious
40
> 20%
Moderate to advanced defects.  Signiﬁ cant 
reduction in structural integrity.
Remedial actions are required 
within 12 months.26
6. Critical
25 Advanced defects.  Very signiﬁ cant reduction 
in structural integrity. Remedial actions are required 
within 6 months.
11
7. Failed
10 General failure or failure.  No structural 
integrity.0
Form ID: P-07-2
ENTER YOUR EXPERT RATING HERE
Reference Crack Width Scale (Inches)
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.15 0.20 0.25
Category Value Repair Recommendation Cost Major Factors Affecting Your Rating
► ► ► ► ►
 
DEFECT DATA
Type:  Corrosion Crack
Length: Assume 4’
Max. Crack Width: Assume 0.09”
PILE DATA
Cross-section: Assume 18” PS
Length: UNK
Fig. G-7  Example rating form of a High Severity Transverse Corrosion Crack.
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CONCRETE PILE RATING FORM
Rating Considerations
Category Value
Estimated 
Capacity Loss Physical Integrity Remedial Action
1. Good
100
< 10%
None to minor defects.  No signiﬁ cant 
reduction in structural integrity. Immediate remedial actions are 
not required; however, protective 
measures should be considered.
86
2. Satisfactory
85 Minor to moderate defects.  No signiﬁ cant 
reduction in structural integrity.71
3. Fair
70
10 ~ 20%
Moderate defects.  No signiﬁ cant reduction in 
structural integrity.
Remedial actions should be 
initiated, but the urgency is low.56
4. Poor
55 Moderate to advanced defects.  Potentially 
signiﬁ cant reduction in structural integrity.
Remedial actions are required 
within 24 months.41
5. Serious
40
> 20%
Moderate to advanced defects.  Signiﬁ cant 
reduction in structural integrity.
Remedial actions are required 
within 12 months.26
6. Critical
25 Advanced defects.  Very signiﬁ cant reduction 
in structural integrity. Remedial actions are required 
within 6 months.
11
7. Failed
10 General failure or failure.  No structural 
integrity.0
Form ID: P-08-2
ENTER YOUR EXPERT RATING HERE
Reference Crack Width Scale (Inches)
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.15 0.20 0.25
Category Value Repair Recommendation Cost Major Factors Affecting Your Rating
► ► ► ► ►
 
DEFECT DATA
Type:  Overload Crack
Length: Assume all sides
Max. Crack Width: Assume 0.06”
PILE DATA
Cross-section: Assume 18” PS
Length: UNK
Fig. G-8  Example rating form of a Medium Severity Overload Crack.
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CONCRETE PILE RATING FORM
Rating Considerations
Category Value
Estimated 
Capacity Loss Physical Integrity Remedial Action
1. Good
100
< 10%
None to minor defects.  No signiﬁ cant 
reduction in structural integrity. Immediate remedial actions are 
not required; however, protective 
measures should be considered.
86
2. Satisfactory
85 Minor to moderate defects.  No signiﬁ cant 
reduction in structural integrity.71
3. Fair
70
10 ~ 20%
Moderate defects.  No signiﬁ cant reduction in 
structural integrity.
Remedial actions should be 
initiated, but the urgency is low.56
4. Poor
55 Moderate to advanced defects.  Potentially 
signiﬁ cant reduction in structural integrity.
Remedial actions are required 
within 24 months.41
5. Serious
40
> 20%
Moderate to advanced defects.  Signiﬁ cant 
reduction in structural integrity.
Remedial actions are required 
within 12 months.26
6. Critical
25 Advanced defects.  Very signiﬁ cant reduction 
in structural integrity. Remedial actions are required 
within 6 months.
11
7. Failed
10 General failure or failure.  No structural 
integrity.0
Form ID: P-09-1
ENTER YOUR EXPERT RATING HERE
Reference Crack Width Scale (Inches)
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.15 0.20 0.25
Category Value Repair Recommendation Cost Major Factors Affecting Your Rating
► ► ► ► ►
 
DEFECT DATA
Type:  Closed Corrosion Spall
Length: 3’ - 4”
Width: 11.5”
Max. Crack Width: 0.04”
PILE DATA
Cross-section: 16” RC
Length: 15’
Fig. G-9  Example rating form of a Low Severity Closed Corrosion Spall.
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CONCRETE PILE RATING FORM
Rating Considerations
Category Value
Estimated 
Capacity Loss Physical Integrity Remedial Action
1. Good
100
< 10%
None to minor defects.  No signiﬁ cant 
reduction in structural integrity. Immediate remedial actions are 
not required; however, protective 
measures should be considered.
86
2. Satisfactory
85 Minor to moderate defects.  No signiﬁ cant 
reduction in structural integrity.71
3. Fair
70
10 ~ 20%
Moderate defects.  No signiﬁ cant reduction in 
structural integrity.
Remedial actions should be 
initiated, but the urgency is low.56
4. Poor
55 Moderate to advanced defects.  Potentially 
signiﬁ cant reduction in structural integrity.
Remedial actions are required 
within 24 months.41
5. Serious
40
> 20%
Moderate to advanced defects.  Signiﬁ cant 
reduction in structural integrity.
Remedial actions are required 
within 12 months.26
6. Critical
25 Advanced defects.  Very signiﬁ cant reduction 
in structural integrity. Remedial actions are required 
within 6 months.
11
7. Failed
10 General failure or failure.  No structural 
integrity.0
ENTER YOUR EXPERT RATING HERE
Form ID: P-10-3
Category Value Repair Recommendation Cost Major Factors Affecting Your Rating
► ► ► ► ►
 
DEFECT DATA
Type:  Open Corrosion Spall
Length: Assume 3’
Width: Assume 2’ - 6”
PILE DATA
Cross-section: Assume 16” RC 
Length: UNK
Fig. G-10  Example rating form of a High Severity Open Corrosion Spall.
265
CONCRETE PILE RATING FORM
Rating Considerations
Category Value
Estimated 
Capacity Loss Physical Integrity Remedial Action
1. Good
100
< 10%
None to minor defects.  No signiﬁ cant 
reduction in structural integrity. Immediate remedial actions are 
not required; however, protective 
measures should be considered.
86
2. Satisfactory
85 Minor to moderate defects.  No signiﬁ cant 
reduction in structural integrity.71
3. Fair
70
10 ~ 20%
Moderate defects.  No signiﬁ cant reduction in 
structural integrity.
Remedial actions should be 
initiated, but the urgency is low.56
4. Poor
55 Moderate to advanced defects.  Potentially 
signiﬁ cant reduction in structural integrity.
Remedial actions are required 
within 24 months.41
5. Serious
40
> 20%
Moderate to advanced defects.  Signiﬁ cant 
reduction in structural integrity.
Remedial actions are required 
within 12 months.26
6. Critical
25 Advanced defects.  Very signiﬁ cant reduction 
in structural integrity. Remedial actions are required 
within 6 months.
11
7. Failed
10 General failure or failure.  No structural 
integrity.0
ENTER YOUR EXPERT RATING HERE
Form ID: P-13-2
Category Value Repair Recommendation Cost Major Factors Affecting Your Rating
► ► ► ► ►
 
DEFECT DATA
Type:  Overload Spall w/ Crack
Length: N/A
Width: N/A
Max. Crack Width: N/A
PILE DATA
Cross-section: Assume 18” PS
Length: UNK
Fig. G-11  Example rating form of an Open Overload/Mechanical Spall with Crack.
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